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Appendix B - Extracts from Lamb et al 

Examples of disorders that may be treated include ... autoimmune diseases. The 
spectrum of autoimmune disorders ranges from organ specific diseases (such as 
thyroiditis, insulitis, multiple sclerosis,iridocyclitisy uveitis, orchitis, hepatitis, Addison^s 
disease, myasthenia gravis) to systemic illnesses such as rheumatoid arthritis or lupus 
erythematosus. Other disorders include immune hyperreactivity, such as allergic 
reactions, 

...Organ-specific autoimmune diseases include multiple sclerosis, insulin dependent 
diabetes mellitus, several forms of anemia (aplastic, hemolytic), autoimmune hepatitis, 
thyroiditis, insulitis,iridocyclitis, skleritis, uveitis, orchitis, myasthenia gravis, ... 

Systemic autoimmune diseases include: ... scleroderma and systemic sclerosis, 
Sjogren ^s syndrom, undifferentiated connective tissue syndrome, antiphospholipid 
syndrome, different forms of vasculitisfpolyarteritis nodosa, allergic granulomatosis 
andangiitis. Wegner's granulomatosis, Kawasaki disease, hypersensitivity 
vasculitis,Henoch-Schoenlein purpura, Behcefs Syndrome, Takayasuarteritis, Giant 
cell arteritiSfThrombangiitis obliterans), ... 

A more extensive list of disorders includes: ... allergic reactions, asthma, ... collagen 
diseases ... reperfusion injury, cardiac arrest, ... vascular inflammatory disorders, ... 
other cardiopulmonary diseases, inflammation associated with peptic ulcer, ... other 
diseases of the gastrointestinal tract, ... other hepatic diseases, ... other glandular 
diseases, ... other renal and urologic diseases, ... other oto-rhino-laryngological 
diseases, ... other dermal diseases, .... other dental diseases, orchitis or epididimo- 
orchitis, infertility, orchidal trauma or other immunerelated testicular diseases, 
placental dysfunction, placental insufficiency, habitualabortion. eclampsia, pre- 
eclampsia ... optic neuritis, ... retinitis or cystoid macular oedema, sympathetic 
ophthalmia, ... acute ischaemic optic neuropathy, ... Parkinson ^s disease, complication 
and/or side effects from treatment of Parkinson 's disease, AIDS-related dementia 
complex HIV-related encephalopathy, Devices disease, Sydenham chorea, Alzheimer ^s 
disease and other degenerative diseases, conditions or disorders of the CNS,... myelitis, 
encephalitis, subacute sclerosing pan-encephalitis, encephalomyelitis, acute 
neuropathy, subacute neuropathy, chronic neuropathy, Guillaim-Barre syndrome, 
Sydenham chora, myasthenia gravis, pseudo-tumourcerebri, Down '5 Syndrome, 
Huntington ^s disease, amyotrophic lateral sclerosis, inflammatory components of CNS 
compression or CNS trauma or infections of the CNS, inflammatory components of 
muscular atrophies and dystrophies, ... septic shock, infectious diseases, inflammatory 
complications or side effects of surgery ... side effects of gene therapy, ... 
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SUMMARY Detection of apoptotic cell death in cells and tissues has become of para- 
mount importance in many fields of modern biology, including studies of embryonic devel- 
opment, degenerative disease, and cancer biology. In addition to methods that employ 
biochemical analysis of large populations of cells, cytochemical methods have recently been 
extensively used both in individual cells and in tissues. Most of these methods exploit prop- 
erties of dying cells that are more or less specific for the apoptotic process. However, con- 
siderable confusion exists over the Interpretation of some of these methods and their use- 
fulness In all settings. This review attempts to summarize the more recent advances in 
cytochemical detection of apoptosis and emphasizes some of the pitfalls that confuse the 
Interpretation of results of these methods. (J Histochem Cytochem 47:iioi-i 109, 1999) 



KEY WORDS 

apoptosis 
TUNEL 
ISNT 
ISEL 

cell death 

caspases 

blebbing 

annexin V 

In situ end-labeling 

mitochondria 

time-lapse microscopy 

DNA cytochemistry 

DNA fragmentation 



The field of cell death research has undergone 
an explosion of new knowledge over the past decade. 
The realization that programmed cell death operates 
by highly conserved ubiquitous mechanisms in cells, 
and that these events are pivotal in most important 
pathologic processes, has focused interest on cell 
death research. The need for histochemical and cy- 
tochemical methods to evaluate death of cells, espe- 
cially in intact tissues, has led to the development of 
several techniques. These methods are now used ex- 
tensively in the study of a wide variety of diseases and 
in the study of physiology and development. How- 
ever, the interpretation and accuracy of these methods 
are not always clear. This topic has been comprehen- 
sively reviewed previously and the difficulties in inter- 
pretation of apoptosis have been highlighted (Wyllie 
et al 1981; Wyllie 1992; Allen et al. 1997; Sanders 
1997; Darzynkiewicz et al. 1998; Zhu and Chun 
1998). This review attempts to build on these prior re- 
views by summarizing the methods that are currently 
available for in situ detection of cell death in light of 
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more recent biochemical and morphological mecha- 
nisms, and to evaluate their accuracy and potential in- 
terpretation. 

Cell Death 

Cells can die by either of two major mechanisms: ne- 
crosis or apoptosis. Necrosis is the death of cells 
through external damage, usually mediated via de- 
struction of the plasma membrane or the biochemical 
supports of its integrity. Such a death is analogous to 
"cell murder." The necrotic cell exhibits a swollen 
morphology and the plasma membrane lyses, releasing 
cytoplasmic components into the surrounding tissue 
spaces. This release of necrotic debris attracts inflam- 
matory cells, leading to the tissue destruction charac- 
teristic of inflammation. The death of single cells by 
this mechanism might be resolvable in some tissues, 
but a large number of cells dying by necrosis usually 
results in inflammation and subsequent repair and 
scarring, leading to compromise and permanent alter- 
ation of tissue architecture. Necrosis can occur in a 
matter of seconds (Collins et al. 1997). 

The other major form of cell death is based on the 
concept of programmed cell death. Programmed cell 
death is a paradigm in which cells contain a geneti- 
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cally coded program of elements that lead to the death 
of cells. The biochemical and morphological events 
that effect this death usually lead to a unique and 
highly controlled series of events. The terminal events 
of this process are termed apoptosis (Kerr et al. 1972) 
[although it has been previously pointed out that some 
programmed cell death may not involve the mecha- 
nisms of apoptosis (reviewed by Sanders 1997)]. Apop- 
tosis is a much slower series of events than necrosis, 
requiring from a few hours to several days, depending 
on the initiator. This form of cell death is more analo- 
gous to "cell suicide," in which death is the conse- 
quence of molecular signals contained within individ- 
ual cells. The importance of this suicide mechanism 
was first delineated in studies of embryonic develop- 
ment. Subsequent studies have focused attention on 
apoptosis, however, in that the apoptotic mechanism 
is widely employed in tissue homeostasis and forms a 
major component of many pathological processes, 
from the response of cancer cells to chemoradiother- 
apy to the death of cells in neurodegenerative diseases. 
Although the genetically programmed nature of this 
pathway was emphasized by its role in development, 
the same terminal mechanisms become a permanent 
part of the cell machinery and can be activated by ex- 
trinsic signals that require no new gene expression. 
Therefore, most cells possess a preordained mecha- 
nism of death that awaits an appropriate trigger. The 
mechanics of this death are essentially the same, 
whether induced by new genetic signals or induced 
through external initiators. The manifestations of apop- 
tosis, both biochemical and morphological, are unique 
and are completely different from those of necrosis. 

The terminal events of apoptosis involve the activa- 
tion of a specific series of cytoplasmic proteases, termed 
caspases. The activation of these self-catalytic caspases 
in the cytoplasm is tightly regulated. The initiators of 
apoptosis that set off this cascade of events leading to 



caspase activation are multiple, and two major path- 
ways of initiation of this terminal pathway have been 
identified. One pathway involves so-called death re- 
ceptors at the cell surface, a pathway that can directly 
activate upstream caspases in the cytoplasm. Another 
pathway involves the participation of mitochondria 
through the induction of leakiness of the external mi- 
tochondrial membrane, leading to the release of cyto- 
chrome c into the cytosol. These two pathways also 
intersect, in that the death receptor pathway can be 
amplified through mitochondrial damage. Downstream 
from these initiator mechanisms are terminal caspases 
that lead to the morphological and biochemical conse- 
quences of apoptosis. 

The historical recognition that apoptotic cell death 
was a unique series of events was initially based on 
morphological evidence of changes in cell structures, 
especially the segmentation of nuclei. Other studies have 
shown that cells in tissue culture usually go through a 
unique series of surface morphological changes (e.g., 
Collins et al. 1997), as shown in Figure 1. Although 
the specific timing and the shape changes in cells vary 
from cell type to cell type, the overriding message that 
has evolved over the past decade is that apoptosis is a 
reflection of an extremely highly conserved mecha- 
nism that shows remarkable uniformity through a 
long evolution. This conclusion has allowed extrapo- 
lation from one species and one system to others, and 
from cell culture to intact tissue. The final mechanics 
of the apoptotic events are common but the initiating 
pathways into apoptosis are myriad and complex. In a 
sense, this makes the task of identifying apoptotic 
changes easier because they result in a common effec- 
tor pathway, but the context in which they occur has 
to be interpreted with caution. Table 1 summarizes 
features of the apoptotic process that have been ex- 
ploited for detection in individual cells, in mass cell 
cultures, and in tissues. 
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Figure 1 Surface morphological features of apoptotic cells in culture. These images demonstrate the hallmark sequential features (arrows) 
of apoptotic cells detected by phase-contrast microscopy, including blebs, echinoid spikes, and surface blisters. These images were gener- 
ated using KB human carcinoma cells induced to go into apoptosis using ricin (Collins et al. 1997). 



In Situ Apoptosis Assays 

Table 1 Categories of cellular changes that form the basis 
of apoptosis assays 

Surface morphology and composition 
Time-lapse surface morphology 

Membrane permeability: impermeable dyes (PI), permeable DNA 

stains (DAPI, Hoechst) 
Phospholipid externalization (Annexin V binding) 
Nuclear events and DNA cleavage 
Nuclear morphology: segmentation of chromatin and nuclei 
DNA cleavage by gels; large fragments and Internucleosomal cleavage 
DNA cleavage in situ; detection of strand breaks 
In situ nicl<-translation (ISNT) 
TUNEL (terminal transferase) 
Anti-single-stranded DNA antibody 
Hairpin oligos (double-stranded breaks) 
Cell dissolution (pre-GI peak) (apoptotic bodies containing DNA) 
Cytoplasmic biochemical activation events 
Caspace cleavage products 
Caspace activity (caged fluorophores, FRET) 
PARP activity 
Transglutaminase activity 
Death antigens 
Mitochondrial function and integrity 
Permeability transition (vital dyes) 
Mitochondrial antigens (accessibility) 
Metabolic activity 

Cytochrome c release and alterations 



Detection Methods in Individual Cells 
and in Tissues 

Much of the knowledge about apoptosis mechanisms 
has derived from observations of isolated cells, such as 
tissue culture systems. However, the properties re- 
vealed in these assays are not always applicable to the 
study of intact tissues. For example, assays such as the 
binding of annexin V or the impermeability of propid- 
ium iodide depend on the ability to incubate intact im- 
permeable cells with the reagent, a process not possi- 
ble in fixed tissue sections. Assays based on the size of 
isolated cell fragments are not applicable to fixed tis- 
sue. The kinetic context related to the synchrony of 
apoptosis, the length of time necessary for the initiat- 
ing event to lead to the changes that occur, and the re- 
moval of apoptotic cells in vivo through phagocytosis 
often make the assays of apoptosis that are useful in 
tissue culture less applicable to intact tissues. Further- 
more, events that occur in individual cells can some- 
times be implied from assays that are applicable only 
to the examination of large numbers of cells at one 
time. An analogy might be the ability to detect the 
low-level expression of products of specific transfected 
genes in mass culture through the use of sensitive en- 
zyme assays (e.g.. CAT assay) as opposed to the cy- 
tochemical identification of high levels of the specific 
protein product in a small number of individual cells 
(e.g., a GFP vector). These two approaches can some- 
times yield conflicting results, often based on the het- 
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erogeneity or lack of synchrony of events in single 
cells vs the entire population. This has been a major 
point of confusion in the field of apoptosis. 

Apoptosis Is Not Always Synchronous 

A major and often unappreciated aspect of apoptotic 
cell death is that cells within a population may begin 
apoptosis at very different times after the addition of 
an initiator, and the length of the various stages of ap- 
optotic morphological change can vary from cell to 
cell (Collins et al. 1997). For example, for apoptotic 
systems that depend on cell cycle alterations, the time 
from initial addition of an agent to the beginning of 
the first stages of apoptosis can be several days, and 
the actual completion of apoptosis to the point of cell 
lysis can require an additional day. The variability in- 
troduced can result in a highly asynchronous process. 
Some assays detect changes that occur early in the 
process, whereas other assays detect changes that oc- 
cur only very late. Some changes are not stable and 
appear at one point in time, only to disappear as apop- 
tosis progresses. Furthermore, the lysis that eventually 
occurs at the end of apoptosis is essentially the same 
membrane permeability event that occurs in necrosis, 
although the specific changes up to that point are very 
different. These problems point out the need for 
thoughtful analysis of the kinetics and synchrony 
within a system and the appropriate choice of assays 
that can detect those changes accurately. 

Surface Morphological 
and Biochemical Changes 

For tissue culture systems, a good point at which to 
start the analysis of apoptosis is the use of video time- 
lapse microscopy, a simple and clearly interpretable 
approach to defining the kinetics of apoptosis in cell 
culture (Fan et al. 1996; Pulkkinen et al. 1996; Collins 
et al. 1997). The usual sequence of morphological 
changes in adherent cultured cells are shown in Figure 
1 . These include the following: (a) a loss of adhesion 
to substratum, resulting in cell rounding; (b) a flurry 
of surface zeiotic blebbing, which may last for only a 
few hours (Last'er and Mackenzie 1996); (c) shrinkage 
of the cell, with cessation of blebbing and other move- 
ments; (d) in some cells, the slow protrusion of elon- 
gated "echinoid spikes" from the cell surface (Collins 
et al. 1997); and (e) after a long delay of several hours, 
the "blistering" of the cell surface membrane with 
eventual lysis, similar to necrosis. Even these changes 
must be interpreted carefully, however, because some 
initiators (such as staurosporine) have profound ef- 
fects on the motility mechanisms in cells, suppressing 
the normally dramatic series of surface morphological 
changes (Cartee et al. in press). The dynamic nature of 
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the initial rounding and blabbing events makes them 
easy to spot in time-lapse recordings, and these events 
are a convenient point at which to designate the begin- 
ning of apoptosis. Unfortunately, evaluation of these 
events in intact tissue is not possible by this method. 

Externalization of phosphatidylserine (PS) and 
phosphatidylethanolamine is a hallmark of the changes 
in the cell surface during apoptosis (Koopman et al. 
1994; Martin et al. 1995; Emoto et al. 1997; Lecoeur 
et al. 1997; O'Brien et al. 1997; van Engeland et al. 
1997). Annexin V binding can be used as a marker of 
PS externalization, using either microscopy or flow cy- 
tometry with fluorescently labeled annexin V (Zhang 
et al. 1997; van Engeland et al. 1998). These phospho- 
lipids are normally sequestered within the cell on the 
cytoplasmic face of the plasma membrane and other 
internal membranes. The exact reason for the appear- 
ance of PS on the external surface is not clear. In ex- 
periments to be presented elsewhere, we have exam- 
ined this externalization and have found that annexin 
V binding appears to occur only on a minority of cells 
(less than one third in our system) during apoptosis. 
This occurs relatively early, just after the segmentation 
of nuclei (summarized in Figure 2). Other investiga- 
tors have found similar labeling of subpopulations 
with annexin V (Boersma et al. 1996; Ferlini et al. 
1997; Gatti et al. 1998). It is not clear why only a mi- 
nority of cells show PS externalization during apopto- 
sis, or whether they are in some way different from 
those that do not. However, it has been shown that in- 
hibition of caspase activity also blocks the appearance 
of PS on the cell surface (Rimon et al. 1997). This sug- 
gests that the externalization of PS is caused by the 
same caspase activities that cause the other manifesta- 
tions of apoptosis. Care must be exercised with the 
use of this assay, because the final lysis stage of apop- 
tosis allows access to the PS that is normally inside all 
cells, creating a highly labeled cell fragment. Such la- 
beling would also be evident in necrotic cells. 

The permeability of the plasma membrane is also a 
central difference between necrosis and apoptosis. 
Large molecular weight DNA binding dyes, such as 

Rounding •> Blebbing -> Cessation of Movement -> Echinoid Spikes -> Blisters -> Lysis 
Nuclear Segmentation 
' Annexin V Surface Labeling (- 30% of cells) 
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In Situ End-Labeling 

Figure 2 Apoptosis detection by in situ assays in tlie context of 
morphological changes. The appearance of positive signals during 
apoptosis for in situ end-labeling of DNA strand breaks is very de- 
pendent on technical details, including fixation conditions and pre- 
treatment procedures. For some studies, positive cells appear early 
or even before other apoptotic features, whereas in other studies 
the positive signals occur only late in the process. 



propidium iodide (PI), cannot enter intact cells be- 
cause of their large size and, without permeabilization 
treatments, do not label apoptotic cells until the final 
lysis stage. On the other hand, smaller dyes, especially 
those that can attach to DNA, can label both apop- 
totic cells and normal cells. Using flow cytometry, one 
can distinguish apoptotic from necrotic cells as those 
that show internal DNA labeling with a small dye 
(such as DAPI, Hoechst 33342 or 33258, or calcein- 
AM), while not labeling with PI (Bussolati et al. 1995; 
Gatti et al. 1998). As cells generate apoptotic bodies 
that release some of their segmented nuclei, the 
strength of the internal DNA signal decreases, and this 
can be used as an assay of apoptotic progression. 
When the cell finally lyses and its membrane becomes 
permeable, then the larger-sized markers (such as PI) 
can label any DNA left within the cell. For micros- 
copy, the altered morphology of nuclei selectively la- 
beled with DNA-specific fluorescent dyes, such as 
DAPI or Hoechst dyes, can be a very easily interpreted 
assay for apoptosis. 

Nuclear Morphology Changes and DNA 
Changes May Not Be the Same 

An early observation concerning apoptosis was that 
cells that entered apoptosis from nonmitotic parts of 
the cell cycle showed dramatic and characteristic changes 
in nuclear shape and organization. It is perhaps cor- 
rect to say that the characteristic change in nuclear 
morphology is the most accurate indicator of the in- 
volvement of apoptosis in the death of a cell. This is 
true even in the face of the ironic observation that nu- 
clear segmentation is not actually required for other 
aspects of apoptosis. That is, cells that have been enu- 
cleated still undergo the other changes associated with 
apoptosis (Schulze-Osthoff et al. 1994). This points to 
the cytoplasmic location of the effector systems of the 
apoptotic machinery. However, in cells that contain 
nuclei, the change in nuclear morphology is still an 
early and relatively unequivocal hallmark of apopto- 
sis^This nuclear shape change occurs at an early point 
in the series of apoptotic morphological events, usu- 
ally soon after the beginning of surface blebbing (Col- 
lins etal. 1997). 

In addition to changes in nuclear morphology, loss 
of DNA integrity also characterizes apoptosis. It was 
assumed that these two events were in some way re- 
lated, as they may be. However, there is no compelling 
reason necessarily to assume that they are. When 
DNA extracted from apoptotic cells was analyzed us- 
ing gel electrophoresis, a characteristic internucleoso- 
mal "ladder" of DNA fragments was found. Larger 
DNA fragments have also been seen at earlier times in 
apoptotic cell cultures. These gel results have been 
used as a hallmark of apoptotic detection. However, 



In Situ Apoptosis Assays 

such analysis requires the extraction of DNA from 
large numbers of cells. In addition, the apoptosis must 
be relatively synchronous for this analysis, a syn- 
chrony that is not always present. It has not been di- 
rectly demonstrated that DNA fragments in this way 
in intact cells. That is, it is possible that the internu- 
cleosomal breaks in DNA occur after or during DNA 
extraction procedures because of the potential fragility 
of caspase-treated DNA in removing other compo- 
nents of chromatin structure. Furthermore, the detec- 
tion of strand breaks may be so sensitive that only a 
small number of apoptotic cells may be needed in a 
population to produce a detectable signal. That is, the 
entry of the majority of cells into apoptosis might oc- 
cur at a much later time point than the first detection 
of "ladders." Even so, these observations led to the 
development of in situ assays for the presence of sin- 
gle-strand or double-strand breaks in DNA. The inter- 
pretation and application of these methods have been 
somewhat controversial. Regardless of the specific 
methods used, the change in nuclear morphology of- 
ten does not coincide with the appearance of detect- 
able strand breaks in every cell. 

The Terminology of DNA and Nuclear Changes 
in Apoptosis 

Although many cytochemical methods are based on 
the detection of strand breaks or on the appearance of 
DNA fragments in gel electrophoresis, there is no rea- 
son to assume that nuclear morphological changes 
and detectable DNA strand breaks occur at the same 
time. As a point of terminology, there has been con- 
siderable confusion generated by the term "nuclear 
fragmentation." This term mixes the concepts of the 
generation of DNA fragments (DNA fragmentation) 
with the changes in nuclear shape. A better alterna- 
tive, which I prefer, is the use of the term "nuclear seg- 
mentation." This describes the change in nuclear 
shape in which the normally round or oval nucleus 
segments into smaller, compact, homogeneous, vari- 
ably sized chromatin masses, the characteristic change 
seen in apoptosis. This term does not imply any gener- 
ation of DNA fragments or strand breaks but refers 
only to the shape of the nucleus. Because there is rea- 
son to believe that the shape and the DNA breaks may 
not necessarily be related in each cell, it appears better 
to use this more precise term to describe shape changes. 

When Do DNA Strand Breaks Appear in Situ? 

The major methods developed for detection of DNA 
strand breaks involve the detection of 3'-0H ends of 
single-stranded DNA (in situ end-labeling; ISEL) . Ad- 
dition of labeled nucleptides to these ends, either using 
E. coll polymerase (or its Klenow fragment) by in situ 
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nick-translation (ISNT) (Figure 3) or using terminal 
transferase (TUNEL) (Modak and Bollum 1970,1972; 
Gavrieh et al. 1992; Hall et al. 1994; Tatton et al. 
1998). allows the cytochemical demonstration of free 
DNA strand ends (Ansari et al. 1993; Fujita et al. 

1997) . Another method for detecting these single 
strand ends is the use of monoclonal antibody reactive 
with single-stranded DNA (Naruse et al. 1994; Frank- 
furt et al. 1996a,b). Such single strand ends are not 
specific for apoptosis and can also be seen in necrotic 
cells. Double strand breaks can be detected by other 
methods, such as the use of hairpin oligos (Didenko et 
al. 1998). A clear conclusion from the use of such 
methods, however, is that the preservation methods 
used to prepare cells can have dramatic effects on de- 
tection of strand breaks (Negoescu et al, 1996; Hikim 
et al. 1997; Labat-Moleur et al. 1998; Tateyama et al. 

1998) . False-positivity can be generated through non- 
apoptotic mechanisms (Kockx et al. 1998; Mizoguchi 
et al. 1998), On the other hand, inaccessibility of sites 
can prevent the detection of strand breaks (Nakamura 
et al. 1997). This has led to the use of protease treat- 
ment to unmask such inaccessible sites. This is some- 
what ironic because the process to be detected is the 
consequence of endogenous protease activity. It has 
been suggested that exogenous protease may render 
sites in apoptotic cells accessible specifically because 
of the increased fragility of apoptotic DNA that has 
been affected by activated caspases in the cell. How- 
ever, the impact of this exogenous protease treatment 
on the specificity of labeling is not clear. In some 
cases, methods have been sufficiently sensitive to de- 
tect DNA repair mechanisms that are independent of 
apoptosis. Depending on permeabilization and fixa- 
tion protocols, some methods detect so-called pre- 
apoptotic nuclei in which strand breaks are detected 
but no nuclear morphological changes have occurred. 
In other cases, the positive detection of strand breaks 
does not correlate with individual cells that show nu- 
clear segmentation. In other cases, detection of DNA 
strand breaks occurs only very late in the process, cor- 
responding to the lytic stage at the end of apoptosis, 
far removed from the changes in nuclear morphology 
(Collins et al. 1997). Therefore, although these meth- 
ods are useful, they are neither theoretically nor pracr 
tically specific, as yet, for apoptosis. Many authors 
have pointed out the need for simultaneous interpreta- 
tion of these in situ methods along with apoptotic nu- 
clear shape changes. The major advantage of these 
methods, however, is that they are applicable to intact 
tissue sections directly. 

Apoptotic Cells May Not ''Live" Long In Vivo 

Dying cells in vivo are removed from tissues by phago- 
cytic cells, a process that emphasizes the usefulness of 
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Figure 3 Detection of DNA strand breaks in apoptotic cells using ISNT. KB cells induced to enter apoptosis by ricin treatment were fixed, 
permeabilized with detergent, and labeled using in situ nick-translation (ISNT) with rhodamine fluorescence detection. Nuclear segments 
(A,B) demonstrate positive signals (arrows) indicative of DNA fragmentation late in the apoptotic process, whereas earlier nuclear segments 
show no detectable signal (A, arrowhead). (A,B) ISNT rhodamine; (A'.B') DAPI; {A".B") phase-contrast. Bars: A" = 12 yjm: B" = 6 ixm. 



the apoptotic mechanism for normal, tissue remodel- 
ing. However, the removal of cells can occur with dif- 
ferent efficiencies in different tissues. Massive apopto- 
sis can overwhelm the phagocytic potential of a tissue, 
and virtually all apoptotic cells will remain for ex- 
tended periods. In the case of limited apoptosis, how- 
ever, phagocytic or other adjacent cells may remove 
the apoptotic remnants as rapidly as they are gener- 
ated. Unlike cell culture, in which the cell remnants re- 
main undisturbed, in vivo apoptosis may yield only a 
hint of an occasional cell remnant in a phagocytically 
active tissue. This problem makes in vivo measure- 
ments and interpretation of apoptosis by in situ cy- 
tochemical methods extremely difficult. 

Other Biochemical Changes 

Recent studies have revealed many other steps in the 
apoptotic machinery Inside cells. Among these are the 
activation of caspases and the cleavage of specific 
caspase substrates. Incorporation of specific caspase 
substrates into living cells and the detection of cleav- 
age products (e.g., using fluorescence resonance en- 
ergy transfer) have been presented as new assays of 
apoptosis (Xu et al. 1998). Whether or not this will 
provide better insight into the process at the cyto- 
chemical level is not yet clear. My own experience 



with one of these substrates for caspase 3 (Phiphilux; 
Oncolmmunin, College Park, MD) has been that the 
signal generated in cells appeared to occur only late in 
the apoptotic process (results not presented). The other 
aspect of these assays is that they would probably not 
be useful for intact tissues. 

Methods for detection of activity of endogenous 
caspase substrates (such as PAR?) have also been pre- 
sented recently (Davis et al. 1998). On the other hand, 
a polyclonal affmity-purified antibody (CM-1) has been 
recently described that recognizes a cleaved subunit of 
caspase 3 (Srinivasan et al. 1998). With this antibody, 
apoptotic neurons could be selectively detected in cul- 
tures and in paraffin sections of mouse embryos. The 
point in the apoptotic process at which this antibody 
reaction can be detected was not precisely determined, 
and some cells appeared to undergo apoptosis without 
becoming reactive for this antibody. However, this ap- 
proach may be a promising one for identification of 
apoptotic cells in intact tissues. 

Another example of antibodies specific for caspase- 
generated cleavage products was a study describing an 
antibody specific for a caspase-generated fragment of 
actin. termed "fractin" (Yang et al. 1998). In this 
study, individual apoptotic neurons could be identi- 
fied on the basis of their fractin content. Studies in 
vitro suggested a surprisingly rapid time course for the 
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appearance of this fragment when colchicine was used 
as an apoptosis-inducing agent, perhaps more rapid 
than one would expect in most cells. Whether this re- 
flects a cell type-specific sensitivity or changes that 
could occur in the context of morphological events in- 
dependent of apoptosis will require further study. The 
authors suggested that fractin might reflect events in- 
volved in surface blebbing at the beginning of apopto- 
sis. Blebbing itself, however, is also seen in other set- 
tings, so an important clarification will be whether 
this fragment appears selectively only in blebbing in- 
duced by apoptosis or whether it might also appear in 
other contexts independent of cell death. Even so, this 
type of approach may provide important insights into 
the design of new assays useful for tissue sections. 

Transglutaminase activation is another biochemical 
change that has been proposed as an indicator of apo- 
ptosis, but whether or not this would be applicable to 
all systems is not yet clear (Kashima et al. 1997). Cer- 
tain surface and intracellular antigens have been iden- 
tified that are expressed as part of the apoptotic pro- 
cess, and these may in the future present new avenues 
for cytochemical assays. 

Mitochondria have been implicated in the apop- 
totic pathway due to many death inducers, even those 
that act primarily through surface death receptors but 
are then amplified through mitochondrial damage. 
The primary event proposed as important for apop- 
totic induction is the leakiness of the external mem- 
brane of the mitochondrion, resulting in leakage of cy- 
tochrome c into the cytosol. This is different from the 
overall loss of membrane potential of the entire mito- 
chondrion (the permeability transition) as measured 
by vital dyes such as rhodamine 123 or Mitotracker, 
but both events may occur in dying cells (Lemasters et 
al. 1998). Therefore, cytochemical detection of cyto- 
chrome c localization is a potential assay for apoptotic 
induction, although the amount necessary for apop- 
totic death (how many mitochondria must be leaky 
for death) is not yet clear. Furthermore, there is some 
evidence that this leakiness may be reversible, espe- 
cially in cells in which caspases are inhibited. Antibod- 
ies have been identified that detect conformational 
changes in cytochrome c that appear during apoptosis, 
but the timing of this change, and whether this might 
be exploited as a general histochemical assay of apop- 
tosis, is not yet completely clear (Jemmerson et al. 
1999; Varkey et al. 1999). Measurements of the meta- 
bolic activity of mitochondria have also been used to 
measure cell death, but this would not necessarily be 
specific for apoptosis. Some internal antigens in mito- 
chondria (Zhang et al. 1996; Koester et al. 1997) are 
inacessible in intact mitochondria that are well pre- 
served by fixation. Therefore, the accessibility in apop- 
totic cells for these antigens in the cytosol (selectively 
detected using permeabilization with saponins) has 



also been presented as a potential assay for apoptosis, 
especially using flow cytometry (Koester et al. 1997). 
Although many of these methods deal with important 
mechanisms during the apoptotic process, they still 
are not easily applicable to detection of apoptotic cells 
in intact tissue sections. 

Conclusions 

This brief review emphasizes some of the recently em- 
ployed cj^ochemical methods for the detection of apop- 
tosis in cells. Unfortunately, there is no single assay 
that can be used blindly with perfect specificity and 
sensitivity. Ironically, the most specific assay is per- 
haps the oldest, the detection of nuclear shape changes 
in the early stages of apoptosis. In combination with 
other methods, this morphological interpretation usu- 
ally allows a relatively accurate interpretation of apo- 
ptosis. For tissue sections, many investigators recom- 
mend labeling of DNA strand breaks (ISNT, TUNEL. 
anti-SS DNA) together with analysis of nuclear mor- 
phology. Although detection of DNA strand breaks is 
a cornerstone method for use in tissue sections, it re- 
quires care in interpretation, especially in the details of 
cell fixation, permeabilization, and processing. For 
cultured cells, a direct and easily interpretable assay 
for apoptosis is the observation of surface morpholog- 
ical features with time-lapse microscopy. For flow cy- 
tometry using DNA binding dyes, detection of apop- 
totic bodies as a pre-Gi peak is a simple and rapid 
assay for large numbers of cells. Labeling of surface- 
exposed phosphatidylserine is a useful although im- 
perfect method for both microscopy and flow cytome- 
try. Perhaps the only comforting conclusion from 
these observations is that the mechanism of apoptotic 
death appears to be extremely highly conserved in eu- 
karyotes. As a consequence, the development of new 
techniques will have to deal with the many facets of 
only a single, albeit complex, biological mechanism. 
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The initiation of mitosis requires the activation of 
M-phase promoting factor (MPF). MPF activation 
and its subcellular localization are dependent on the 
phosphorylation state of its components, cdc2 and 
cyclin Bl. In a two-hybrid screen using a bait protein 
to mimic phosphorylated cyclin Bl, we identified a 
novel interaction between cyclin Bl and patchedl 
(ptcl), a tumor suppressor associated with basal cell 
carcinoma (BCC). Ptcl interacted specifically with 
constitutively phosphorylated cyclin Bl derivatives 
and was able to alter their normal subcellular localiza- 
tion. Furthermore, addition of the ptcl ligand, sonic 
hedgehog (shh), disrupts this interaction and allows 
cyclin Bl to localize to the nucleus. Expression of ptcl 
in 293T cells was inhibitory to cell proliferation; this 
inhibition could be relieved by coexpression of a 
cyclin Bl derivative that constitutively localizes to the 
nucleus and that could not interact with ptcl due to 
phosphorylation-site mutations to Ala. In addition, we 
demonstrate that endogenous ptcl and endogenous 
cyclin Bl interact in vivo. The findings reported here 
demonstrate that ptcl participates in determining the 
subcellular localization of cyclin Bl and suggest a link 
between the tumor suppressor activity of ptcl and the 
regulation of cell division. Thus, we propose that ptcl 
participates in a G2/M checkpoint by regulating the 
localization of MPF. 

Keywords: basal cell carcinoma/cytoplasmic retention 
signal/Gi/M checkpoint/M-phase promoting factor/ 
nevoid basal cell carcinoma syndrome 



Introduction 

Entry into mitosis requires the activation of M-phase 
promoting factor (MPF), a universal cell cycle regulatory 
complex. At late G2, MPF translocates to the nucleus 
where it is responsible for the phosphorylation of many 
nuclear substrates required for mitotic progression (Peter 
et al, 1990; Yamashiro et al, 1991; Verde et al, 1992). 
The MPF complex consists of two proteins that are 
regulated separately (Pondaven et al., 1989; Ducommun 
et al, 1991; Li et al., 1995; Borgne et al, 1999). The 
Ser/Thr kinase cdc2, which is ubiquitously expressed 



throughout the cell cycle, undergoes activation at the 
G2/M transition (Ducommun et al, 1991; Krek and Nigg, 
1991; Borgne and Meijer, 1996) as a result of dephos- 
phorylation of Thrl4 and Tyrl5 and phosphorylation of 
Thrl61 (Solomon et al, 1990; Krek and Nigg, 1991; 
Norbury et al, 1991). In contrast, cyclin Bl is temporally 
regulated and does not begin to accumulate until S phase. 
At G2 phase, cyclin Bl protein reaches maximal levels and 
begins to enter the nucleus in a phosphorylation-dependent 
manner (Hagting et al, 1998, 1999; Yang and Kombluth, 
1999). 

An important aspect of cyclin Bl regulation involves 
the cytoplasmic retention signal (CRS) domain. Initially, 
the CRS domain was described as mediating the 
cytoplasmic retention of cyclin Bl (Pines and Hunter, 

1994) , but more recently it has been demonstrated that a 
phosphorylation-dependent nuclear export signal (NES) 
resides within the CRS (Toyoshima et al, 1998; Yang 
et al, 1998). When the NES of cyclin Bl is active, it 
facilitates rapid export of unphosphorylated cyclin Bl 
from the nucleus (Yang et al, 1998; Yang and Kombluth, 
1999). Phosphorylation of serine residues within the CRS 
domain, beginning in late G2, disrupts the NES function 
and allows for the nuclear accumulation of MPF to initiate 
the onset of mitosis (Yang et al, 1998). 

Previous studies in our laboratory identified four major 
sites of serine phosphorylation within the CRS of Xenopus 
cyclin Bl (residues S94, S96, SlOl and SI 13) (Li et al, 

1995) . In addition, mutation of these four Ser residues to 
Ala, mimicking an unphosphorylated state, substantially 
decreased MPF activity in Xenopus oocyte maturation 
assays. Conversely, substitution of GIu residues to mimic 
the phosphorylated state greatly increased MPF activity in 
the oocyte system (Li et al, 1997). This study suggested 
that the localization of cyclin Bl, and of active MPF, is 
regulated by phosphorylation within the CRS domain. 
Recently, it was demonstrated that UV-induced DNA 
damage prevents cyclin Bl from entering the nucleus or, 
alternatively, causes cyclin Bl to shuttle rapidly from the 
nucleus to the cytoplasm, thereby delaying mitosis until 
the damage can be repaired (Jin et al, 1998; Toyoshima 
et al, 1998). Thus, the regulation of cyclin Bl localization 
is a key factor involved in a G2/M checkpoint control. In 
an effort to identify biologically relevant partners that may 
regulate the trafficking and localization of phosphorylated 
cyclin Bl, we employed a yeast two-hybrid approach. 

Surprisingly, this search for cyclin Bl -interacting 
proteins identified ptcl, a 12-pass integral membrane 
protein recently characterized as the receptor for sonic 
hedgehog (shh), an important developmental morphogen 
(Chen and Struhl, 1996; Marigo et al, 1996; Stone 
et al, 1996; Goodrich and Scott, 1998). Ptcl is a tumor 
suppressor frequently mutated in association with nevoid 
basal cell carcinoma syndrome (NBCCS) and basal cell 
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carcinoma (BCC) (Chidambaram et al, 1996; Gailani 
et aL, 1996; Hahn et ai, 1996b; Unden et a/., 1996). 
NBCCS is acquired through autosomal dominant inherit- 
ance and predisposes patients to BCC and associated 
medical problems (Gorlin, 1995). Despite the undisputed 
role of ptcl in BCC development, the mechanism of ptcl 
anti-proliferative and/or tumor suppressor function has not 
been clearly defined. In this report, we describe the novel 
interaction between cyclin Bl and ptcl, demonstrate that 
cyclin Bl localization is mediated by ptcl, and show that 
MPF activity can be regulated by ptcl. Our data support 
the existence of a G2/M checkpoint where MPF is 
sequestered by ptcl to prevent mitotic progression. 



Results 

Isolation of ptcl from a yeast two-hybrid screen 

In this study, we exploited a Xenopus cyclin Bl mutant 
with the four Ser phosphorylation sites in the CRS domain 
mutated to Glu, designed to mimic phosphoserine resi- 
dues. Similarly, we utilized a mutant with the four Ser 
residues mutated to Ala to mimic an unphosphorylated 
state (Li et ai, 1997). These derivatives contain a tandem 
repeat of the CRS domain (CRS^ia-CRS^'^ and CRS^^"- 
CRS^'") (Figure lA, a and b), based on previous obser- 
vations that a minimum of 100 amino acids for the bait 
protein will enhance potential two-hybrid interactions 
(Kong et ai, 2000). Employing a yeast two-hybrid screen, 
a partial cDNA clone encoding ptcl (residues 690-779) 
was identified in a mouse embryonic cDNA library as 
positively interacting with the CRS^^^-CRS*^^" construct 
(Table I). This ptcl cDNA clone did not interact with the 
CRS^'^-CRS^^^ construct. The 90-amino acid-fragment of 
ptcl identified from the screen represented a portion of the 
large intracellular loop (residues 690-736), a transmem- 
brane segment (residues 737-755), and a portion of the 
second large extracellular loop (residues 756-779) 
(Figure lA, e). 

Ptcl contains two large extracellular loops involved in 
binding shh and one large intracellular loop (Chen and 
Struhl, 1996; Marigo et aL, 1996; Stone et aL, 1996). A 
biologically relevant interaction of cyclin Bl with ptcl 
would most likely involve the large intracellular loop, but 
not the transmembrane or extracellular domains, which 
should be inaccessible to cyclin Bl. To confirm this, a 
synthetic gene encoding only the large intracellular loop of 
human ptcl (consisting of residues 599-750) was assayed 



Fig. 1. (A) Schematic representation of cyclin Bl and patchedl 
constructs used in the yeast two>hybrid screen, (a-d) Cyclin B 1 
constructs containing a tandem repeat of the CRS domain. Ser residues 
(S) of the CRS domain were mutated to Ala or Glu to mimic the 
unphosphorylated or phosphorylated state of cyclin Bl, respectively, 
(a and b) Constructs representing the Xenopus laevis CRS-CRS 
mutants with the destruction box (D-box) domain of cyclin B 1 
included, (c and d) Constructs representing the human CRS-CRS 
mutants, (e) Mouse ptcl clone isolated from the two-hybrid screen, 
(f) Human ptcl construct synthesized for further testing in the yeast 
two-hybrid system. (B) Schematic representation of cyclin Bl 
constructs used in mammalian cell studies, (a and b) Constructs 
representing the human CRS mutants, (c and d) Human CRS mutants 
with an appended NLS of Xenopus nucleoplasmin at the N-terminus. 
(e and f) Full-length Xenopus cyclin Bl derivatives with an appended 
NLS are represented. 



in the yeast two-hybrid system with the mutant CRS-CRS 
domains of cyclin Bl (Figure lA, f). For both His" 
minimal media and P-gal liquid assays, this derivative of 
ptcl exhibited interaction with only the CRS^^^-CRS^^" 
construct (Table I and data not shown). In addition, we 
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Table I. Yeast two-hybrid interactions 


Bait protein 


Interacting protein 
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examined whether the CRS domain of human cyclin Bl 
would interact with human ptcl (Figure lA, c and d). As 
before, we found that the large intracellular loop of human 
ptcl interacts specifically with the human CRS^*"-CRS^*" 
construct (Table I). Thus, both the mouse ptcl fragment 
and the human ptcl intracellular loop were dependent 
upon the phosphorylation state of the CRS domain of 
cyclin Bl for binding. These results confirm that the large 
intracellular loop of ptcl has the potential to interact with 
the phosphorylated CRS domain of cyclin Bl and, 
furthermore, that the intracellular portion of the original 
90-amino-acid fragment of ptcl isolated from the screen, 
corresponding to human ptcl residues 704-750, is suffi- 
cient for this interaction. 

The large intracellular loop of ptcl and cyclin Bl 
interact in vivo 

To determine whether the intracellular loop of ptcl can 
bind to endogenous full-length cyclin Bl, we transfected a 
glutathione 5- transferase (GST)-ptcl intracellular loop 
fusion construct specific for mammalian expression 
(GST-ptcl^^^-'^^O) into 293T cells. Mock-transfected 
cells were used as a negative control; in addition, a 
construct encoding GST protein alone was transfected into 
293T cells as a negative control. Cell lysates were 
immunoprecipitated with cyclin Bl antiserum and inter- 
acting GST fusions were visualized by immunoblotting 
with GST antiserum (Figure 2A, upper panel). The 
GST-ptcl^^^-''^^ fusion protein was found to bind specif- 
ically to endogenous cyclin Bl (Figure 2A, lane 3). As a 
control, the lower panel of Figure 2A demonstrates the 
presence of cyclin Bl in all samples as determined by 
immunoblotting. In addition, expression of the GST fusion 
proteins was examined in lysates by immunoblotting 
(Figure 2B, lanes 2 and 3). These results confirm that 
the large intracellular loop of ptcl binds to full-length 
cyclin Bl in vivo. 

Association between endogenous cyclin Bl and 
endogenous ptcl 

The ptcl transcript can be found in early embryonic tissues 
and in adult tissues as well, including brain, lung, kidney 
and liver (Goodrich et aL, 1996; Hahn et aL, 1996a). 
Therefore, to demonstrate an interaction between endo- 
genous ptcl and endogenous cyclin Bl, we used human 
embryonic kidney 293T cells in a coimmunoprecipitation 
assay. Immunoprecipitation of endogenous ptcl using a 
ptcl antiserum, followed by immunoblotting using anti- 
serum against cyclin B 1 , reveals the presence of cyclin B 1 
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Fig. 2. Patched 1 intracellular loop binds endogenous cyclin Bl. 
(A) Mammalian GST fusion genes encoding either GST alone (GST) 
or GST fused to the intracellular loop of ptcl (GST-ptcl^'^'^O) were 
transfected into 293T cells and immunoprecipitated with cyclin B 1 
antibody. Samples were analyzed by 10% SDS-PAGE and 
immunoblotted with mAb GST (upper panel) followed by mAb 
cyclin Bl (lower panel). (B) Expression of GST fusion proteins in 
lysates. 

associated with ptcl (Figure 3A, lower panel, lane 2). As a 
negative control and to demonstrate antibody specificity, 
lane 3 shows an anti-ptcl immunoprecipitate in which a 
cognate ptcl blocking peptide was pre-incubated with the 
antiserum. As a positive control, lane 1 demonstrates the 
presence of cyclin Bl and ptcl in cell lysates (Figure 3 A, 
lower and upper panels). These results indicate that 
endogenous ptcl and endogenous cyclin Bl interact and 
can be recovered by coimmunoprecipitation. 

We then wished to examine whether exogenously 
expressed full-length ptcl can also bind endogenous 
cyclin Bl. Therefore, Myc-ptcl -transfected 293T cells 
were immunoprecipitated with cyclin Bl antiserum. As 
demonstrated in Figure 3B, cyclin Bl immunoprecipitates 
reveal an association with ptcl (upper panel, lane 2). This 
interaction is specific, as addition of cyclin Bl blocking 
peptide abolishes the association (Figure 3B, upper panel, 
lane 3). As controls, the middle panel demonstrates the 
expression of cyclin Bl in these samples (Figure 3B, lanes 
1 and 2), and the expression of Myc-ptcl protein was 
confirmed by immunoblotting cell lysates (Figure 3B, 
lower panel, lanes 2 and 3). These results demonstrate that 
exogenously expressed ptcl binds endogenous cyclin Bl 
in vivo. 

Ptcl binds to an activated MPF complex 

To investigate whether ptcl associates with cyclin Bl 
complexed to cdc2, we immunoprecipitated endogenous 
cdc2 from Myc-ptcl -transfected cells. As demonstrated in 
Figure 3C, cdc2 immunoprecipitates reveal an association 
with ptcl (upper panel, lane 2). The middle panel 
demonstrates the expression of cyclin Bl complexed to 
cdc2 immunoprecipitates (Figure 3C, lanes 1 and 2). The 
lower panel shows the expression of cdc2 (Figure 3C, 
lanes 1 and 2). These results suggest that ptcl, cyclin Bl 
and cdc2 can be recovered in a complex in vivo. 
Alternatively, ptcl-cyclin Bl and ptcl-cdc2 complexes 
may exist independendy. 
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Fig. 3» Patchedl interacts with cyclin Bl. (A) Endogenous ptcl and 
endogenous cyclin Bl interact in 293T cells. Lysates were immuno- 
precipitated as indicated. Upper panel, immunoblot of ptcl shows ptcl 
in the lysate and immunoprecipitate. Lane 3 indicates the use of ptcl 
blocking peptide to discriminate antibody specificity. Lower panel, 
immunoblot of cyclin Bl showing cyclin Bl in lysate and ptcl 
immunoprecipitate, but not the peptide blocked lane. (B) Patchedl 
binds endogenous cyclin B 1 . 293T cells were transfected with 
Myc-ptcl, immunoprecipitated with cyclin Bl antibody and immuno- 
blotted as indicated. Lane 3 indicates the use of cyclin Bl blocking 
peptide to discriminate antibody specificity. (C) Patchedl, cyclin Bl 
and cdc2 form a complex. 293T cells were transfected with Myc-ptcl, 
immunoprecipitated with cdc2 antibody and immunoblotted as 
indicated. (D) Active MPF complex associates with patchedl. 293T 
cells were transfected with Myc-ptcl as indicated. Upper panel, lysates 
were immunoprecipitated and assayed for histone HI kinase activity. 
Middle panel, anti-Myc immunoblot displaying expression of Myc- 
ptcl. Lower panel, anti-cdc2 immunoblot displaying the presence of 
cdc2 in lane 1 (positive control) and lane 3 (ptcl -transfected cells). 
The lower band represents the IgG band from mouse Myc antiserum 
as detected by mouse cdc2 antiserum. 



One of several nuclear substrates for MPF is histone HI 
protein (Pondaven et al, 1989). Therefore, to determine 
whether ptcl can interact with an active MPF complex, we 
examined histone HI kinase activity associated with ptcl- 
transfected cells. As demonstrated in Figure 3D, histone 
HI kinase activity was readily detected in association with 
immunoprecipitated Myc-ptcl (upper panel, lane 3). As a 
positive control, cdc2 immunoprecipitates from mock- 
transfected cells also demonstrate the phosphorylation of 
histone HI proteins (Figure 3D, upper panel, lane 1). As a 
negative control for histone HI activity, mock-transfected 
cells were immunoprecipitated with Myc antiserum 
(Figure 3D, upper panel, lane 2). To confirm the presence 
of Myc-ptcl, immunoprecipitates were immunoblotted 
with Myc antiserum (Figure 3D, middle panel, lane 3). We 
also immunoblotted with cdc2 antiserum and confirmed 
that cdc2 is associated with Myc-ptcl (Figure 3D, lower 
panel, lane 3). These data indicate that ptcl interacts with 



active MPF, but the presence of cdc2 in ptcl immuno- 
precipitates does not preclude the possibility that other 
cdks may also be associated with ptcl. 

Ptc 7 CO localizes with a cyclin Bl derivative that 
mimics phosphorylation of the CRS 

As published previously, the localization of cyclin Bl is 
dependent on the phosphorylation state of the CRS domain 
(Li et aL, 1997). Extending these results, we constructed 
derivatives of the human cyclin Bl CRS domain 
(Figure IB, a and b) and utilized indirect immunofluores- 
cence studies to examine their subcellular localization. 
These experiments reveal that CRS^*^ localizes exclu- 
sively to the cytoplasm, while CRS^'" is able to enter the 
nucleus (Figure 4A, a and c, respectively). Both of these 
constructs, when modified by appending a nuclear local- 
ization signal (NLS) from Xenopus nucleoplasmin, 
NLS-CRS^i* and NLS-CRS^'" (Figure IB, c and d), 
localize constitutively to the nucleus (Figure 4A, e and g). 
To visualize Myc-tagged ptcl, ptcl antiserum was used 
(Figure 4B, c). The punctate membrane staining of ptcl , as 
demonstrated in Figure 4B, is consistent with previous 
reports describing an atypical membrane localization for 
ptcl (Stone etai, 1996; Carpenter et aL, 1998). 

Since endogenous ptcl expression levels in COS-1 cells 
are low, we chose to cotransfect Myc-tagged ptcl with 
either NLS-CRS construct to determine whether full- 
length ptcl could alter their subcellular localization. 
NLS-CRS^'^ remained nuclear in the presence of 
Myc-ptcl (Figure 4C, a, b and c). In contrast, NLS- 
CRS*^*" exhibited altered localization to the membrane 
when coexpressed with Myc-ptcl (Figure 4C, d, e and 0- 
Thus, these data suggest that ptcl has the ability to recruit 
phosphorylated cyclin Bl. 

Ptcl mediates the localization of a phosphorylated 
cyclin Bl derivative 

To confirm that ptcl can alter the localization of cyclin Bl, 
cellular fractionation studies were performed to examine 
whether full-length ptcl affects the localization of full- 
length cyclin B 1 . The Xenopus cyclin B 1 derivative used 
in this study contained the four Ser phosphorylation sites 
in the CRS domain mutated to Glu with an appended 
NLS to target this protein to the nucleus (NLS-Bl^*") 
(Figure IB, f)- Cellular fractionation of NLS-Bl^'"- 
transfected cells reveals nearly complete nuclear localiz- 
ation of this cyclin Bl derivative (Figure 5A, upper panel, 
lane 1). In contrast, cotransfection of NLS-Bl^'" with 
Myc-ptcl results in predominantly cytoplasmic/plasma 
membrane localization of this nuclear- targeted cyclin Bl 
protein (Figure 5 A, upper panel, lane 4). These results 
suggest that ptcl inhibits phosphorylated cyclin Bl from 
entering the nucleus, and confirm the previous colocal- 
ization data discussed above (Figure 4C, d, e and f). 

Since ptcl is the receptor for sonic hedgehog (shh) and 
therefore an integral component of the hedgehog signaling 
pathway (Chen and Struhl, 1996; Goodrich and Scott, 
1998), cells expressing both ptcl and NLS-Bl^'" con- 
structs were exposed to shh-N to determine whether this 
morphogen modulates the interaction between cyclin Bl 
and ptcl. The shh-N construct used in this study contains 
the first 197 amino acids of human shh protein, which have 
been shown to be sufficient for its interaction with ptcl 
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Fig. 4. Patched 1 colocalizes with the CRS^*" domain of cyclin Bl at the cell membrane. (A) Localization of human CRS and NLS-CRS constructs 
in COS-1 ceils detected by immunofluorescence, (a) CRS^ construct expressed in cytoplasm, (c) CRS°'" construct expressed in nucleus, (e and 
g) NLS-CRS^ and NLS-CRS*^*" constructs expressed in nucleus, (b, d. f and h) Nuclei detected with Hoechst dye. (B) Localization of Myc-tagged 
ptcl in COS-1 cells detected by immunofluorescence, (a) Mock-transfected cell, (c) Myc-ptcl expressed at membrane, (b and d) Nuclei detected 
with Hoechst dye. (C) Altered localization of NLS-CRS^ due to cotransfection of ptcl. (a) NLS-CRS^'" remains nuclear in the presence of ptcl 
expression (b). In contrast (d), NLS-CRS°*" associates with the cell membrane due to ptcl expression (e). (f) NLS-CRS*^^ and ptcl colocalization. 
(g, h and i) Sonic hedgehog restores nuclear accumulation of NLS-CRS®". (g) NLS-CRS°'" retains nuclear localization in the presence of ptcl (h) 
with shh-N exposure, (c and i) Nuclei detected with Hoechst dye. 



(Lee et a/., 1994; Marigo et al, 1996; Stone et aL, 1996). 
Addition of shh-N to cotransfected cells altered the 
localization pattern of NLS-Bl^*", demonstrating an 
increase in nuclear accumulation of this cyclin Bl deriv- 
ative (Figure 5A, lane 5). This suggests that shh-N inhibits 
the interaction between ptcl and NLS-Bl^^", allowing 
cyclin Bl translocation to the nucleus. As a control, 
immunoblotting with Myc antiserum shows that ptcl is 
expressed solely in the cytoplasmic/plasma membrane 
fraction (Figure 5A, middle panel, lanes 4 and 6). The 
lower panel indicates that the nuclear fractions are intact 
as demonstrated by nuclear histone protein expression 
(Figure 5 A, lanes 1, 3 and 5). Figure 5B presents quanti- 
tation of localization data based on three independent 
cellular fractionation experiments, and demonstrates that 
76% of NLS-Bl^^" is retained in the cytoplasm when ptcl 
is present. With the addition of shh-N, only 24% of 
NLS-Bl^^" is retained in the cytoplasm. These results 
confirm by biochemical fractionation that ptcl mediates 



the localization of phosphorylated cyclin Bl to the 
cytoplasmic/plasma membrane fraction of the cell, and 
that this localization can be altered by cellular exposure 
to shh. 

In addition, to confirm the apparent subcellular redis- 
tribution of phosphorylated cyclin B 1 due to shh exposure, 
we performed indirect immunofluorescence. Shh-N was 
added to COS-1 cells cotransfected with Myc-ptcl and 
NLS-CRS^^". As demonstrated in Figure 4C, shh-N 
addition restores the nuclear accumulation of NLS- 
CRS^^" in cells overexpressing ptcl (compare Figure 4C, 
g and d). 

Ptcl expression regulates cell proliferation 

To examine the effects of ptcl and cyclin B 1 expression on 
cell cycle progression, cell proliferation assays were 
performed. The overexpression of ptcl alone prevents 
cell growth, consistent with an anti-proliferative function 
(Figure 6A). Cells transfected with NLS-Bl^^a or NLS- 
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Fig. 5, Cyclin HI localization mediated by patchedl expression and 
shh exposure. (A) Upper panel, expression of NLS-Bl^'" protein in 
cellular fractions. Middle panel, cytoplasmic/plasma membrane (C/PM) 
expression of ptcl in cotransfected cells. Lower panel, nuclear (N) 
expression of endogenous histone proteins. (B) Quantitation of data 
presented in lanes 3-6 of (A) representing the average of three 
independent cellular fractionation experiments. The standard deviation 
is shown. 



Bl^*" alone exhibited intermediate levels of proliferation, 
compared with mock-transfected cells (Figure 6A). These 
NLS-appended derivatives were used to ensure that even 
the non-phosphorylated derivative (NLS~B1^'^) would 
still exhibit biological activity, due to the appended NLS 
(Li et aL, 1997). When ptcl was coexpressed together with 
either NLS-Bl^ia or NLS-Bl^^", we found that NLS- 
Bl^^ but not NLS-B1°'", was able to restore cellular 
proliferation (Figure 6A). As a control for protein 
expression levels in all the samples, Figure 6B presents 
immunoblotting of cell lysates to detect Myc-ptcl (upper 
panel) or cyclin Bl derivatives (lower panel). 

Overexpression of mitotic cyclins increases cell cycle 
progression from G2 to M, yet also leads to an increase in 
mitotic arrest (Murray et aL, 1989). We interpret the 
intermediate levels of proliferation observed as a reflection 
of these two conflicting roles. The mitotic index for the 
various cell populations is presented (Figure 6C). This bar 
graph demonstrates that the overexpression of NLS-Bl^'^, 
NLS-Bl^'" and coexpression of NLS-BI^i^ with ptcl 
leads to an increase in the mitotic index for these samples 
even though their relative rates of proliferation are 
intermediate compared with mock-transfected cells. The 



mitotic index of cells expressing ptcl, or ptcl plus 
NLS-Bl*^'", is significantly decreased, reflecting fewer 
cells in M phase. Taken together, these results strongly 
suggest that cell division is inhibited by the interaction of 
ptcl with the derivative of cyclin Bl that mimics 
phosphorylation. The inhibitory effects of ptcl on cell 
proliferation can be overcome by coexpression of NLS- 
Bl^'^ which is unable to interact with ptcl. 

In addition, we investigated the physiological effect of 
shh addition on cell cycle progression. We found that 
cellular exposure to shh-N increased the cell number in all 
samples examined (Figure 6D). These data indicate that 
endogenous ptcl can be affected by addition of shh-N. 
Also, cells overexpressing ptcl respond similarly to 
exogenous shh-N, resulting in the promotion of cell 
growth. These results confirm that ptcl inhibits cell 
division by interaction with phosphorylated cyclin Bl, 
and that this inhibition can be relieved by shh cellular 
exposure. 

Discussion 

We have demonstrated a novel interaction between 

cyclin Bl, the regulatory subunit of MPF and the tumor 
suppressor ptcl. Specifically, we show that the large 
intracellular loop of ptcl, containing amino acid residues 
599-750, is sufficient for the interaction with cychn Bl. 
We also show that ptcl is able to mediate the localization 
of phosphorylated cyclin Bl. In addition, fractionation 
studies show that NLS-Bl^^" is expressed primarily in the 
cytoplasmic/plasma membrane fraction when ptcl is 
present, indicating that ptcl mediates the localization of 
phosphorylated cyclin Bl. Taken together with the 
immunofluorescence data, these results confirm that ptcl 
interacts with the phosphorylated CRS domain of cyclin B 1 
at the cell periphery, and also demonstrate a novel function 
for ptcl that involves the release of phosphorylated 
cyclin Bl in response to shh stimulation. The presence 
of cdc2 as a constituent of a cyclin Bl-ptcl complex is 
demonstrated by histone HI kinase and immunoprecipit- 
ation assays. 

One model to account for these results is presented in 
Figure 7. In this model, an MPF-ptcl complex inhibits cell 
growth. In this manner, ptcl may function as a tumor 
suppressor at the G2/M transition by binding phosphoryl- 
ated cyclin Bl, thereby delaying the nuclear events 
normally mediated by MPF activation. This model of 
regulation also suggests that stimulation of ptcl by shh 
elicits the release of cyclin Bl, allowing translocation of 
MPF to the nucleus and resumption of the cell cycle. 

The ptcl gene in vertebrates is essential for normal 
embryonic development and also functions as a tumor 
suppressor (Gailani et aL, 1996; Hahn et aL, 1996a; 
Johnson et aL, 1996). ptcl inactivation has been found to 
underlie NBCCS and BCC development (Chidambaram 
et aL, 1996; Hahn et aL, 1996b; Unden et aL, 1997). 
NBCCS is an autosomal dominant syndrome characterized 
by developmental disorders and predisposition to BCC 
(Gorlin, 1995). BCC is the most common type of human 
cancer with 750 000 estimated cases per year in the United 
States alone (Gailani and Bale, 1997). ptcl can form a 
complex with smoothened (smo), a 7-pass transmembrane 
protein and signaling component of the hedgehog pathway 
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Fig* 6. Anti-proliferative function of the cyclin Bl-ptcl complex. (A) Growth curve of 293T cells transfected with the indicated constructs. There 
is a decrease in cell proliferation with cotransfection of ptcl and NLS-Bl^'". Error bars represent the standard error of the mean. (B) Upper panel, 
expression of Myc-tagged ptcl in cell lysates obtained from the last day of the growth curve. Lower panel, expression of VSV-G-tagged cyclin Bl 
derivatives in cell lysates. (C) Decrease in mitotic index in cells cotransfected with ptcl and NLS-Bl*^'". The percentage of cells showing a mitotic 
phenotype from three independent transfections with the standard deviation is shown. (D) Increase in cell proliferation with cellular exposure to 
shh-N. The average value of two experiments is shown. 



(Stone et aL, 1996; Murone et al., 1999). Previous findings 
have suggested that constitutive activation of smo, due to 
the aberrant inactivation of ptcl , can lead to the oncogenic 
effects of BCC (Stone et al, 1996). Yet the mechanism of 
ptcl as a tumor suppressor and the role of smo activation 
remain unclear. In this study we have identified a novel 
downstream component of the shh-ptcl signaling path- 
way, which may represent a key factor in the mechanism 
by which shh and ptcl control mitogenic effects. 

Several known tumor suppressors (p53, pRb, pl6) act 
in the nucleus as negative regulators of cell division 
by interaction with cyclin D-cdk4/cdk6 and/or cyclin 
E-cdk2 complexes (Weinberg, 1995; Dean, 1997). ptcl 
was one of the first characterized tumor suppressors 
localized at the cell membrane. Two recent reports have 
characterized other areas of ptcl localization. Denef et al 
(2000) have demonstrated that ptcl is internalized and 
degraded after shh has bound to the two large extracellular 
loops. Incardona et al. (2000) found ptcl as populating 
endosomal vesicles, as well as the cell surface. In our 
hands, ptcl shows a punctate distribution in the plasma 
membrane as seen by immunofluorescence studies, con- 
sistent with previous reports indicating atypical membrane 
staining for ptcl (Stone et al,, 1996; Carpenter et al., 
1998). 

Further investigation will be required to understand 
fully the significance of the interaction between cyclin Bl 



and ptcl described here. Our results demonstrate that ptcl 
binds cyclin Bl in a phosphorylation-dependent manner. 
Since cyclin Bl becomes phosphorylated only during late 
G2 (Borgne et aL, 1999), ptcl can presumably only bind 
cyclin Bl at the G2 phase or G2/M transition of the cell 
cycle. Our laboratory recently reported that when cyclin F 
interacts with cyclin Bl, the complex localizes to the 
nucleus (Kong et al., 2000). It is possible that in response 
to different cellular signals phosphorylated cyclin Bl is 
either sequestered by ptcl or translocated to the nucleus by 
cyclin F, although this remains to be examined. However, 
none of these reports excludes the possibility of ptcl 
interacting with cyclin Bl. 

Another issue for future investigation should include the 
effect of the interaction of active MPF with ptcl with 
respect to the shh-ptcl pathway or other signaling 
pathways. A recent report implies that smo may be 
phosphorylated indirectly by ptcl and that this event 
would occur after shh has bound to ptcl (Denef et al, 
2000). Since we have shown that ptcl interacts directly 
with MPF, it is a distinct possibility thai MPF represents 
the kinase responsible for phosphorylation and activation 
of smo. The association between ptcl and cyclin Bl may 
fulfill at least two purposes: (i) ptcl binding of MPF 
may mediate the anti-proliferative effects of ptcl; and 
(ii) cyclin Bl localization to the membrane may allow for 
the phosphorylation of ptcl or smo. 
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Fig, 7. Model of patchedl regulation of MPF. Gj phase, cdc2 is 
present in abundance throughout the cell cycle. S phase, cyclin Bl is 
synthesized and begins to accumulate in the cytoplasm by late S phase. 
Cyclin Bl binds to cdc2 via a region termed the cyclin box. G2 phase, 
before forming an active MPF complex, cyclin Bl-cdc2 enters and 
rapidly exits the nucleus due to a NES located within the CRS domain. 
G2/M transition, cyclin Bl becomes phosphorylated, which creates a 
fully active MPF complex (MPF*). ptcl binds to phosphorylated 
cyclin Bl and sequesters an active MPF complex in pre-mitotic cells 
which inhibits the translocation of MPF to the nucleus. Cellular 
exposure to shh promotes the degradation of ptcl, which in turn 
facilitates the release of cyclin Bl. MPF is now available for nuclear 
import. 



In summary, the evidence presented here provides a 
link between ptcl signaling and cell cycle progression. 
However, further work is warranted to assess the entire 
contribution of MPF activity in the shh-ptcl pathway and 
to elucidate the biological conditions required for the 
regulation of MPF by ptcl. 



Materials and methods 

Construction of cyclin Bl, ptcl and shh derivatives 

The lexA-CRS-CRS (Xenopus) fusion proteins for the yeast screen and 
the lexA-CRS-CRS (human) fusion proteins for the His~ minimal media 
assays were constructed as described previously (Kong et al., 2000). To 
construct the fusion protein containing the intracellular loop of human 
patchedl for the yeast assays, oligonucleotides encoding residues 
599-750 were synthesized and incorporated in-frame to the transacti- 
vation domain of pVP16. 

To construct cyclin Bl derivatives for immunofluorescence studies, 
oligonucleotides encoding the human CRS domain consisting of residues 
110-1 60 were synthesized and incorporated into the pcDNA3 vector. 

To construct NLS-CRS derivatives, a DNA fragment encoding the 
human CRS domain, consisting of residues 110-160, was ligated in- 
frame to oligonucleotides encoding the NLS of Xenopus nucleoplasmin 
and then inserted into the pcDNA3 vector. 

The full-length cyclin Bl derivatives, NLS-B1A>» and NLS-BlG'", 
were constructed as described previously (Li ei al., 1997). All cyclin Bl 



constructs used in this study were tagged at the C-terminus with an 
epitope (GLEVIVVPHSLPFML) derived from glycoprotein G of 
vesicular stomatitis virus (VSV-G), recognized by mAb P5D4 (Kreis 
and Lodish, 1986). 

To construct the GST-ptcl derivative (GST-ptc 1^99-750) ^ 
fragment encoding the large intracellular loop of human ptcl consisting 
of residues 599-750 was ligated in-frame to the mammalian expression 
vector pEBG. 

To construct an epitope-tagged and biologically active derivative of 
human shh protein (Marigo et al. 1996; Stone et aL 1996), oligo- 
nucleotides encoding residues 1-197 were synthesized and incorporated 
in-frame to DNA encoding the FLAG -epitope tag (DYKDDDDK) at the 
C-terminus and inserted into the pcDNA3 vector. 

Yeast two-hybrid screen and assays 

The Saccharomyces cerevisiae strain L40 generated by Dr Stan 
Hollenberg was transformed with derivatives of pBTM116 (constructed 
by Dr Paul Bartel and Dr Stan Fields). The derivatives constructed for this 
work encoded lexA-CRSAi^-CRS^ia {Xenopus) or iexA-CRSGiu-CRS^J" 
{Xenopus) fusion proteins; these were screened against a 9.5 d.p.c. mouse 
embryonic cDNA library encoding fusion proteins with the transacti- 
vation domain of pVP16, kindly provided by Dr Stan Hollenberg (Vojtek 
and Hollenberg, 1995). The two-hybrid screen and His" minimal media 
assays were performed as described previously (Kong et al, 2000). The 
ability to activate the lacZ reporter was also checked by filter assay as 
described (Vojtek et al, 1993). 

Immunoprecipitation assays 

Two days after transfection (except for endogenous immunoprecipit- 
ations), cells were harvested and lysed with 1 .0% NP-40 buffer (Kong 
et al., 2000). Protein content was standardized as determined by the 
Bradford assay. Lysates were pre-cleared with protein A-Sepharose 
beads and then incubated with the indicated antibodies overnight at 4°C. 
Addition of protein A-Sepharose beads with incubation overnight at 4°C 
followed. Samples were washed with 0.5% NP-40 buffer and analyzed by 
SDS-PAGE, transferred to nitrocellulose membrane and detected by 
ECL. Antibody + blocker samples were treated as described by the 
manufacturer (Santa Cruz). In brief, antibody (2 ^g) was incubated with 
blocking peptide (10 pg) in 1.0% NP-40 buffer for 2 h at room 
temperature, and then addition of lysate sample with further incubation 
overnight at 4°C. For the endogenous immunoprecipitation assay, ptcl 
was immunoprecipitated from 1 mg of protein per sample. The lysate 
sample represents 60 ^g of total cell lysate. 

Histone HI Idnase assay 

For detection of phosphorylation of histone HI in vitro by MPF, 293T 
cells were transfected with plasmids encoding Myc-tagged ptcl and 
proteins were immunoprecipitated with anti-Myc (9E10) antibody after 
lysis in 1.0% NP-40 buffer. Protein content was standardized as 
determined by the Bradford assay. Active MPF was obtained by 
immunoprecipitation with anti-cdc2 antibody (Santa Cruz). The 
immunoprecipitates were incubated at 30°C for 20 min in 50 ^1 of 
kinase reaction buffer as described previously (Li et al., 1995). The 
reaction was terminated by addition of SDS sample buffer. Samples were 
analyzed by 10% SDS-PAGE. 

Immunofluorescence 

Two days after transfection using the calcium phosphate coprecipitation 
method, COS-1 cells were fixed with 3% paraformaldehyde and 
permeabilized with 0.1% Triton X-100, 0.2 M glycine and 2.5% fetal 
bovine serum in phosphate-buffered saline (PBS). Triple-label immuno- 
fluorescence was performed as follows: (i) VSV-G-tagged cyclin Bl 
derivatives were detected with mAb P5D4 and FITC-conjugated goat 
anti-mouse antiserum; (ii) patched! expression was visualized using goat 
antibody pAb patchedl (Santa Cruz) and rhodamine-conjugated rabbit 
anti-goat antiserum; and (iii) nuclei were stained with Hoechst 33342. 
Using a modification of techniques described elsewhere (Stone et al., 
1996), COS-1 cells were exposed to shh-N-conditioned media from 
shh-N-expressing cells at 24 h after transfection and allowed to recover 
for 24 h. 

Cellular fractionation 

Fractionation samples prepared as described elsewhere (Greenwood and 
Johnson, 1995) were standardized for protein content by the Bradford 
assay and then analyzed by 10% SDS-PAGE and transferred to 
nitrocellulose membrane. VSV-G-tagged NLS-B1°^", Myc-tagged ptcl 
and endogenous histone proteins were detected by ECL (Amersham) 
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using mAb P5D4, mAb 9E10 (Santa Cruz) and mAb 052 (Chemicon), 
respectively. Quantitation of fractionation data is presented as a 
percentage of NLS-Bl^'" protein and was performed using NIH Image 
software. Using a modification of techniques described elsewhere (Stone 
et al., 1996), 293T cells were exposed to shh-N-conditioned media from 
shh-N-expressing cells at 48 h after transfeciion and then allowed to 
recover for 24 h. All samples were harvested at the same time (72 h after 
transfection). 

Cell proliferation assay 

293T cells were seeded at a density of 1 .0 X 10^ cells/plate (60 mm) and 
transfected with 2.5 \xg of cyclin Bl DNA and/or 5.0 ^g of ptcl DNA. 
Cells were trypsinized and counted every 24 h after transfection (day 1). 
The mean values of three plates are represented (±SEM). Cell lysate 
samples from the last day were analyzed by 10% SDS-PAGE for protein 
expression by ECL after transfer to nitrocellulose membrane. For shh-N- 
induced growth, 293T cells were seeded at a density of 1.0 X 10^ cells/ 
plate (60 mm) and transfected with 5.0 \lg of cyclin B 1 DNA and/or 
5.0 \ig of ptcl DNA. Appropriate samples were exposed to shh-N- 
conditioned media at 24 and 48 h after transfection. At 72 h after 
transfection, samples were counted. The average of two plates per sample 
is represented. 

Mitotic index assay 

Transfected 293T cells were split onto collagen-coated coverslips and 
allowed to recover for 24 h. Cells were fixed and permeabilized as 
described previously. Nuclei were stained with Hoechst 33342. Five 
hundred cells of each sample from three independent transfections were 
counted (total cells counted per sample = 1500). Results shown represent 
the average percentage (±SD) of cells displaying a mitotic phenotype 
over the total number of cells counted. 
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Surriiniary 

Tfie segmepi polarity g$ne hedgehog {hh) encoder a 
inpvei islgn^linji protein that med(^ies iodal ce^^ 
j^eiractions in the developing Prpsophjla e 
Her e we ^tescHbe the existen 
faniliy In thezeb^ Brachydanio rerlo. Qjrie <rt these 
gijnes j ion^ Is expressed In tllf^^ 

cKird, fipbr plAle^ and posterior firi mesoderm^ 
associated with polartelng activitife.En various ve^ 
brate embryos. The pattern of sli/ieKpressionln s^^ 
fish mutants af f ecti ng axial slrut^t M>is ; tdgetber with, 
tl^e bortsequehces of its ectopic expressiprt Iri nprmai 
embryps, is coniisteht^vilh a role for s>ift In floor plate 
induction* By expressirig shh In transgenic Drosophlla 
. embryos,, also demonstrate a strong furictibnal 
conservation belween the fish and fly h/i; genes. 

Introduction 

I nducilve interactions are of tundarr^ental importarice to 
the development of all multicellulaf prgani^^ 
Standing .thek molecular basis represent^ a majoir goal 
ol.contern^dfaiydevetpprnentaJ biology: Hecent ahaiyses 
have reyeaJed a remar3cable degree ; of 'jDonservation 
amdng ine odmponentsol signal tcansductfon pathways' 
implicated in a number pf such interactions; bpth wilhlh' 
and betv»'een: species (see Egao and Weinberg, 1993). 
thus, it seems that relatK'ely fev.* path'.yays may have 
evolved to execute the variety of inductive interactions that 
ch'aracieriie vertebrate and Invertebrate development. 

lh the developing drosophila embr>'0, ppsilijinaJ specifi- 
cation along the anleropostSbrior axis of each body segment 
depends upon cellular interactions '.ooritrplled by the seg- 
ment polarity genes (NOsslein-Volhard and AVieschaus, 
1980), a molecularly heterogeneous group encoding pro- 
teins as diverse as transcription factors, such as the prod- 
uct ol the en:grai^/Gd gene (DiNardo et a1., 1985: Jaynes 
and b'Farrell; 1991), or mernbrane^associaied proteins, 
siich as the |i-catentn homolog eritoded ^ arma<fd!o 
(Peifer and Weischaus.. 1990). Two members of the ieg^ 
rnent polarity class, wingbss <wg) and hedgehog .{hhl 
have beeri singled out as being key players in the cell 
patterning process; these genes are expressed in distinct 
groups of ceils at each parasegmeni border that seem to 
. organize the ppslilonal specification of cells y/Hhin each 
segment {reviewed by Ingham and Mariinez-^Arias, 1992). 



Whereas wg belongs to the weU'characterized Wnt ghh&r 
iamily of gr o\«h tacior-rlite mblecules (reviev^ed byMcN^* 
■nph, J992i: Nii^searid Varfnus, 1992). me gene produ^^^ 
'has'^ primary structure unliKe that of any, previously de- 
■ scftb^.prdsein (Lee et ali I992i Mohler and Yani, 1992;;- 
Tabata et al.. t992; TasWm el al., 19^). Analysis of the' 
Hh sequence predicts a protein with a sirigle hydrophobic^ 
region thai may act eilher as a signal sequence or e mem- 
brarie;^i^annini^^ This sl^uctMre is consistent vvUh^ 

ih^ yhctidriiatan^^ of which implicates i ceil- 
ceH iiiteractibris that maintain the.expres5ion of wg at p^i^-: 
segment borders (Hidalgo and iiighani, 1990; ingharti and 
HIdaigb, 

In yeriebraie ernbryos, one of the be$t-c.hEaracterited 
spyroes oi signaling activity Is \he nbsochord, the deriva^ 
live df.theaxia! mesoderm. Several processes have ljeen 
associaited with the inductive propertied of this tissu|. In- 
cluding the induction of specialized ventral neuraj . cells 
tl;«(t forin the lioo; plate (van Straaieh et al:, 1989; Placzek 
eikl, 1990) and the spepificattpn of neuronal differGntia- 
ten (piaczeketal:, 1991: Yamada et ai-i 1991): Evideno^ 
fcf these i ntQ^ctioiis comes principally from expei^ifnlehtai 
m^ipuiations ol developing embryos; In the cbick» abia-. 
tion of the liolochord resuiis in a failure of floor pjaie and 
motor neuron dilfereniiation. whereas grafting of notor 
chord toectbpic fpcaUons results in.the inducUon of ectopic 
fidbr lilaid and motor neurons in close proxirriily to the 
griift. since notochord is closely apposed to floor plaint, 
ceils bdh In noimal deyelopnient and in meexpeirimen^l fy 
manipuiated embryos, it hes be'eri sugigested that iHoin- 
ductiye slghai miist be coi^tact dependerit (Placzelc etal., 
1990), a conclusion supported by the results of In vitro 
studies (Placzek etat.. 1993). Motor neuron differentiation, 
by contrast, depends upon diUusiblo. factors that.actjh a 
contacMndependent manner{Yamada et al.. 1993), 

Although. a number of dtfferehi genes have recently 
been shown to be specif icalty expressed inoneorthe other 
of these tissues, none presents iisell as an outstam^ng. 
candidate lor either signaling activity {revlev/ed by Ruiz i' 
Attaba and Jessell, 1993). in this paper v*'e describe-ihe 
cloni ng and characierizatipn of a zebrafish homolog of the 
Drosophlla segrnent polaHty gene hh^ which y;e show to 
be highly conserved both structurally and functionally, 
Several features of this gena niakes lis product a candK 
date lor a floor plat^inducing factor these.features are 
discussed In the context of normal and mwtant zebrafislv 
development. 

Results 

Molecular Cloning of Zebrafish hh Homologs 
In an Initial attempt lo isolate sequences hornolbgdus to 
Orosophita a zebrafish genomic Dm library was 
scareened at reduced stringency with a partial cDNA, 
hhPCRA. 1\ corresponding to the first and second exons pi 
the Drosophlla gene (Wlohler and Vanu 1 99^ This screen 
proved unsuccessful; however, a similar screeii of a 
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Figure :i Compatiscift of 2ebrB{i5h Snn auid prosophlla Amino 
•Acid Seque^css 

. Allgatntml Of WDrafisTi. Sll^" ^rici. bros^phsla fsh amino acit) ■ 
-<|u.^abss: ldsn?lcalirrJncac^ by yt^fljCftlbsrs: dots indicate : 

nal pepddo 5$<iJBnces are undefedCK^Ie aha'Oao^^ Th$ 
poshk)n or ei«>n boundaries in the Df psiphsla gena af^ inf?<»l©d:^^^^ 
arrowhitac^- the rc^n -trf highc^l hofWDlogy bsti^yeej* a/uJ-hft ' 

{BJSchemsfic compassc© d1 zebrafeh shh and proaophila hh. Clo6G$ 
bo^fVs L-tcIicald tho posUibri" <H thef*piitative ifan&taefnbrarie/signal pep- 
lldB sequon^es fe!atjyB.to the eitimb r«nilnu$,' Sequence hbmcrfo^ics^ 
were s«>j^ by la&ii^g in?o acoouril tha afiQninefii of chemically sira?l3f 
Qmino arid j»rcent3ge of Isdmblo^y ift m«. boxed regains is. 



mbus&g^nomfc fitHguy perfornrif d by Echeiard et al. (1993 
(misissue'oi Cei§ a siJtgle ilone v/jmiighificam' 
hdmology: to ^/5,;subseqyen^^^^ 
hog:{Phhi:.A^^^^^ ^ragmbiirt; fiom this 

dphe-contajnir^^^ se^uenicBs hom iHe .second 

ekcih;bf ih^' Drl^phila gene^ together 
wUilt^"^ cbNAIragmeiir. Sva$ u^d ^ 

'.saeen: a ^t^ 1 susbraliih cQNA libr^^^ was prepared 
■ irpm BHA^iSract^ from 3^r-bld embfyosXK. Shn . jpJer- 
s6H^ ccm^ This sCf©ei> yiekled four clones 

With 6^^ longest Of wWch^is 1 .6 kb ih 

A Fraitlily of Zitb)^^ H^^f^99'^S^^^*^^ 

M^0i(<^'it^ seqlieneo^ Ot tho 

. shh'ana ;Hh an |dentiQr of.47?4i, qoiilirm- 

1ng that sfr^ Is at^ue^ftomd^ DrbjSQPhtlag^he,, A . 

itrikirtg conseiyaiion^p^ 'psipn 2; iSn^SO ifrupQ 

ac(d Mg, domai!^ 

hh (Figures ilA;^n^ ^? t^tghiy oohseiVed 

in all th^/j/^^^^^^ ^^^^^ 
ai^ifefal^, 199^;' Riddle et ai., 19^3 pis \^mooiCeii\} 
and W thWelore likely to Be esseritial to tha fiincUon of 
hh protbins. A second dpfeain of approxiMety SO amlno. 
adds clo^b t<> the caiboxy'tbrmlna^ ihotigh it shows, 
only 61 «l^§"arniho acitf .jdenii^^^ 83% simllanty 

b^tvyean shH and hh vvhen i^lowing forconservaHve substi- 
tutions an<^ couid also, therefofo, be or fijnctidnaj impor- 
tance pgur^.lB). Although putatiyi^ sites of posttrahsla- 
lionai moidiiication dan be . i10ted, iheir posillon |5 npt 

tee etal (isgzlldaritifleda^tydrophobl^^^ ol 21 
amiHo acids f fan'<ed rfoWhstfearifi Ijy a pulatrye ^ite of sigr 
nal sequence cleavage (predicted by me algofiihm^^^^ 
Heljne^1^86ydose lo theaini^^ of Hh. Both 

:th«.liydr0pji6bH: stretch and the pu?atiW ilQnal.aeq 
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the mouse riomQiogO»?J>/trire« difiBreftt<ra9mentswcre amplifed from 
i^iimtish genomie DNA One oorrespond^ ^oshh. whTIe ihe 

c«h*f5 define aSditiOftal homo*ogs In zebratish, nam®d hhl^J aad 
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(J) Pectoral lin 5ud df a 33 hf einbi^: note that stih expression ii' «wfme« to the mesoderm and thai the SMpe.-ftwal iip?1hstiai caB layer i$ dsvod 
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a;^<J ^x^i '(laWal s5n>e$. msrked by an ^stsr- 
fe^O expce&sifim at the end of gasiate&^s. 
afiift at .?Ho 5 »mit« s^^^ pz3^2 

01 it»"e: neiii^l kef 1 is #cwn .&v 
prcSifion it'thG end Q^ gastruletkirL hk^^ tSinl ' 
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disavag's §i5es of hh, whicii suggest it to 
mblecul^i are conserved In shh, (najhtrssUoHh, shh does 
fhot exSend ami'n6:term1nai!y io me hydfophabrp $i fetch. 
Using degsnerate oligbnuoieotidss cwesponding to 
aihina. $ads.iteniqng the domain of ti^h bonnology be^ 
hve$ji Drtfsbphiia hh and mouse Ohfi exons 2 described 
by Echelafd et aL (1993). ffagmer430f the expected .size 
were ampfified Irom zebratish geponrrc by polymer- 
ase j:haln rekcddn (PCR). thiree dmerenit /?/)-felated se- 
cjuenoes were Identified amon^t 30 independent PGR 
f^ucts-anatyzed; all of which show high homotogy to 
oneariother and to Drosoph«a/?^J (F*gure IC). Oneqlthese 
corresponds to s/^ft, while; Ufc^ dthsr hwO represent siddh 



tibnal asebfagsJi hh homobgs, cDMAs coffsspor^ding ?o 
one of these adcStionsd homologs have recently beeiiiso^ 
fated (J.^P. d and S. K.. tinpublished data), cOTSrming 
thai It is transcribed, therefore, shh t epresenfe a fnemtjer 
of a novel vedebrale gene famjiy. 

shb Expression in the Devetoprng Zebrafish Embryo 
Gasfnila Stages 

We first dsled expressicm at around the 60%.epM)f 
sta^a of embiyogenesis in tfie dorsal mesc^teim. Iran- 
scripts $fe festrictsd to the inner celllayer of the embryonic 
shield, the equiv^ent of the amphtbian orgarusef (Ftgofes 
2A and a^Duftnggastf ulation , presu^Jptive mesoderm^ 



Figure 4 Tissue; SCClSons of Hy5fk£2S<l Snt^^jyos Shading ^sfift citpfession as D3f*f€tm Devsik^pmsntal SUges 

f A.bVSuWilve tfa^sver^ sections i?««u^ nintfbr^^n of embcyo at th^ 5 sosnSi. ^ shgrvv^ng shft_cx?res^loMA) Antenor f^afisfe- 
k) Kindbr^ at Ihe entarior 0! tha ootacfpid, (Q HUrdbrSin ai the possi^n ol tf« oic ;««ffl>3e. (Q) Postenor hmGwam. 
/PV TraT4: versa s<sdiGa thrc%!«^ t^ . .1. . 

a nSS^^^rthSuS 0« spbsl c«/Sm. embryo at' 28 ol Oevelcpnant ai* si.-^e fow ^ fioor pto «etts that 

SlffpfK«^T^;t«SX«.cfe i« a«*en«p^n (a^««*ead* section «.lhe l^o,B» po«».^ a. 



Zebraftsi) he^^J9g ijotttchg 




ceils irivolula Jo form iha hypoblast and converge toward 
th^ iuttjf^ axis ^0^^ Caching the aninngil pole at 

afePfD)dnriiiabiy7C)% 

c^fe ext^d oyer 1% ppsW/idr of the^aklsj jh^ S'SHia!'. 
!nj?!?^'Jy, '^^ f^oi unifprrn; appearing" $tron5'6r at ft base 
{i\an at the apex of the elongating tfmngle of ceite. This 
ea^ SpaUal cfisinbijtion of s^/i.^l^^^ 

,e%pdsfgTiher toward t^ 

pa^ Figure aBlWilN Rgiire 40 .of Strahie et aivi99^; 

• ^j^PjSSSrofi cfe -or 
ceili that exfeii^ he^a^^Figur^^C^^ 
i^spt^iseameiftp bf;$/?^^xpreS3ioii,^ 
weJ'e^:Sjmu^a^^□usly . hy^^ With pfob'ei fbr ift/? 
,^rid th^ paired boxr^ pax-2 ^Ftfevfpysty. 

P0j?^»qr mi|braiini^j[I^S3 al„ 19^1)- -By'thisvst^e*. 
the^^^Rtcrlor boiihtfa^^ 
j5psl)tion^d in ih^centerof t^e arilni^ 
app^xlm atdy w that of axiai (cornpar e ..Figu res 3A ari d 
Atthe sasria i^t^^ pfechbirdal^l^t^ cetls expr^sifvg 
fiomapbo^^ goosechidt^sc) q^^^^ underly 
ihe presumptive forebrairt (Schu^^^ I994a: 
. Statcheret a3„ 1993) (Figure '3E)^S^^ 
bryps suggest iha^^ iii the head, s^ft: may by this slage'be- 
:^.^Pf|^?s?d e»i|usiye1y in n^roectdderrtial tiisdue (data not 

thfl' onset of: somitogerie.$is (appfoxlrtiate3y 0-5 hr of 
. developmariQ; ^/) expression in the head is clearly r^. 
Miricted^p the vahiral floor of th^ brairt, extending from 
the j»p of thef orebrain caud^^^ the hindbraihiFig- 

ure..3B), At this stage, fexpression 6i asfiial is.siniiiaily re- 
; sirlcted to the liporof tbe brain; in cbriir^sl ^^Hh is!ftft..hov/- 
ever, it extends on iy as fa^ as the an terfer boundary of the- 
,rnsdb>aih {Figure 3diV At this point, gsc expression has- 
begqmo very weak and rs restricted to.a ring of cejJs th>t- 
appeeff.io be'f^ away from the dprs^ midline {Fig» 

lire 3F^see iaisb Schult.e-Merker et at:. 1994a), 

As somltogehesis. opniinues, s^^ expfesslpn. exsends 
in a rostral to caudal progression throughovi (he ventral 
re^jion of the central nervous systen^ (CNS) (see Rgiire 
. 2d).=Afpng the spinal cord, the expression dciniain is re- 
StrlcJed to a single "row of cells, the floor plaie (Rgiire 4£), 
but gradually brpadenis in the hindbrain arid midbrain i6 



beconne five to seven cells ifi diameter (Rgures 4AT4D)i 
with a '-triangular-shaped lateral extension In fiia ventral 
drencfephalbn and^two stiongiy at thertfp- 

of the jorebfatri, .p^ In a regjori.laied to fciecpme. 

' hypothy amus. ' 

A^ ^hfi trahfscdpUpn Is ecttvated in the floor platej ex^ 
pression in the underlying rnesoderm begins to fade aWay, 
ini a manner sirnllar to thait in ax?a/ (Si^^^^^i^ et al. , i 993). 
ThiS doWhr^e^uf atiph Ssjo p weeds in albstral to caudal* 
sequehce; ippirtciding with the" cfe In cell shape that 
accbrrijpany hbtochord dlfferentiatiorii By. the 22 sornita 
stag^ ■ }S/iA^exprGS 

the'hotephbixj .and .a liu^e^ pf V^^'^ffer^'Jlt^ 
the expand^ bud,: but extends t& 
.of ;the floor plate (see Flgunei'2£ and:2G; Rgui;e 4F). Siibr 
^e-i^uightly, expression (he;V6:htM midb^ 
into a rhomboid area, and a 'narrov/ stripe of express^hS- 
oatjs extCTds dorsally on either Side of t^^^ 
. sotpe epip^ 

jo%al:^?ifi£^p}t b Urahypohi^fa- 

miis (Figure 4i). In the lelencephaion, addrtipnal $M jex- 
p/eission Is iniifated jtii two ^j- b a^eeir wd6 
Figure 20. By 3^ hr of deyaiopment, slifi expression In 
the ventral C^JS has undergone further changes: While 
oxpressloh W^ it) the floor plate of the tail bud, nidre 
r0#8^ly ipcated qells in the spinal cord C^asfif 

to expiess thegene. in opntrast, iii Ihfe hrnd brain khd forf- 
t^raini sh/T expression persists and ^ funhem^ 
notshown). 

At 26^28 hr, i?/7/j expression, appears In the pQct0i*al lln 
pftrnordia, wh Ich are yiSf ble as plaobde'li ke iocunn illations 
cf.cells: underneath the epithe^^ thfit cpveiirs. the yblk. 
By 33 h^bf developiinerili htgh levels of transcript aire pros* " 
entfn .the posterior margin of the pectoral buds (see Fig- 
ures .:;|H-^J}: at the same tirne. expression is initiated in 
a niarroiv strlpe at the jpoisterfOf m,.arg?n of the firet gill (see . 
Rgtire 2H). Expression continues in the pectbraj fin buds, 
in laterat/cells in the eady lajva (Figure 4H). At this stag^, 
shh transcripts are also detectable- in cells adja'coftitb iJie 
lumen of the foreggi pgure 40), 



Expresstpn of sbh in no ta/f and cypfbps Mutants 
Two mutailons affecting axial tissues lhat 'express shh 
have been described in zebraftsh. Homozygous no taif 
(ntf) embryos are characterized by a failure In notochpro 
maturaUon and a disruption of normal developnient of tail 

Figure $. Oortiporison d shh Expression in nSS 
Mutant Emb/ycs antS ^viid-Typg Enibrybs asihs 
Taa Bud Stege 

RostfiS! is to ths lop. The expfe$siOft Of pSJf'S 
In the W<^lfia*i du^i (asterisk) s^hes » a pG9l* 
lions) iffarkW. Nqid the sSight^uheveAcris^rUM 
tion of sftiA-oxpfessing cells in th9 09l9Cihor^ 
^^teursor 'cells (arrowheiijs) of tjttBDtl emt^rj^ 
(see «lsb .Harporn g; al.1 ISdS) (B) 'c«npered 
wish the 'e«ren rod'TiHo (i4s;r3buiio» in v/Sld^type 
embryos (Aj, 





Z^rs^ish /r^^eftoo HomcSoa 



structures (Kaipem et al., 1993), whereas embryos hofiio^ 
^ygous fof the cydTpps (eye) mutatbn have a nOf<Tial iibioi^ 
.cHpiTd but labk a differenifeled llcibr pJaie <Hatta et aL. 

.mi),. 

No expression is seen In mesodermal tissue of nti 
embryos at 24:hr of development, consisleni; wjih the fack 
of a rvotochora in these Qmhryq$; by contrast shh exprss- 
sibn throughout l^e ventral rteural tube is unaffected 
riot shov/n>. At the ^li bud -st^Lgef' iusi^rior' to 

tae-onseio;.' s6miti)g^ne$is,-^^^^^ cleariyi.tf^ 
^cts&!$ M ribtochbrd pre^^ 

in homozygo;iis eye bmbi^^i iS s/i^ expres- 



sion is apfparehtas ea^ of Igastrul^tibrij^aj ihis 

stage, the anterior Rrriit of expne^sron coinctde$ v/ith the 
two p2>r-2 stripes in the posterior rfiidbrain (Figure $A),' 
Thus, in contrast wtth AvIldrt^ embivps^ no shh express 
slpnls delVcted la^rt^ struciyres of ihemldbratn and 
forebrsih (compare f igures and 6^); By th^ S s6ii«1# 
vstagie:, sftA transcripts are present m the n<&^ 
at this stage e>leirids' u^ td rhombomar^ 4^ b^nieath;the 
otic placpde:. FufthsiTnora.;^ expmision det^cied 
in the vem/at Aaural keef, jri pafticular h the ventral por- 
tlOrts:x)l tlie midbrain arid^ {Fi^es 6C and| 60): 

At a*hr of d^iiS^ 




The: f ifr'U^hand piincts :show eye mutani ersa>;y<«; iHb fefi-hand on w shew wild^t>pe <;r^br^05. AnlsiaJ pals and laseraJ wb»'/s ar^ shown' rostral 
« SO me ICJ. i!jnbfyo$ wdr& simui^eat^ hirl^odizcd with a pblje icf thst se/v-a u d positioAal marSe? fo/ the pos^ertor midbrain (as'tcriski 
fA Md B) Sm?)ryQ? «l Iho.cnd pi Qastrulalton. ft/!i0|ihe m QX(Kes$ioa 5$ inaiked by aa erfowfvosd . Note tJ^e at;sence of ;he shh transcript ?n tha 
head pracasB rosiraj to me fisx'Z tuqirosKon in t*i* asiBita/it einbryo (Sy. 

(C and D) EiRafyos srite 5:«i>wao sta58^ sfeft expression ^ tf» VBntral ndUra) tost is indicated by srro^hosds (CI; its absenoo ir» eye enib^ycs 
(C9 ss.fedicalod by arrows / ^ 

Ce F) ■fefr/J efxpr^sion in fee tail bu<5 at the end of fiQmit^ert«sia. I^^ote im 5Wf Is absent imm me vafllf^ CNS of cjf« mwani ojnbiyoa, 
AfabyevBUons: fp. fteor pe&ie (l» cyc, ^ ntarfcs ehe fegIcA whcie tha floof plate would normaBy iormfc snd nc, nplociwcr/ 



¥43^ 



phenalype oansists af.a fusion of 

irsarfeardsV^lbj^eniai Stages, s/^/jexpces^a.^ absent 
fro^iift^iira! tfisu9:As shown inFigur? 6H, ?^^e!cpff$?«Ki 
in the tail budiot w«a^P^:em£^os^^ ^ ff" 

k single row oi fbor pjate ceils mrougfiouli ths spifml C^r± 

■ ih^irsnsisi'si^iiial eF)« wHh tns.^P^J^^t- 

soinds^aiter^d cells *at showlFansienit .e-)^f^*m:ii.^: 



•ej^r&siny cellsiis detected underneath the cpiphysfe tJjaj 
jDresumabif ^^^^ dorsat-most group of.^h- 

: exi^^^ssbg celi$ In thedJ^^ v/lld-type embryc^ 
(data hbi ^^rn). 

Jnjection orSynt^^^^^ ^^^o Zebratl'sh 

Embfydf tndu^si^fe^ «f « ^^^^^ 

Plate Marked 

Wlfivestigate me activity of s/r/? in 

w^: adopted an wefex|»e^«>n stf^^^^ ^ 

ejii^loy^ the. anaiy^ cllgenie fa^ction iri Xencpus. 







t^^u. See. ^ m.^ ^^^^^K^ 

eo-wirvnin head ol.tsn embryo iniecJec -.iift ^ sj^^votic ft^^A. Arrowheads fjT^ 

t4 Hariri^ia! $$J?tion through tho Svssd ol f 23 hr fe^ecastf €ffl&r>^: nOU>';h9 broadanwj sl«pe 01 ^wpfesson .n ma wencspnaw i 

CF^ T^iisv^S S8«i<wi tfircugh tha niitf8f«2n d« a 28 ?u injaidsd embryo^ shcwinfl 9synKr«Ac distrewaon of ^xa'^xpressing cws. 
AiSKSviattons: d. ^eKcapHaloa; t. fore&rair*; h, Siiaaran: and m, njybrain. 



Zebrafish embryos at die i<eiJ to 4^:e II stages were in- 
|ected ^\im synthetic RNA and Were fixed 14 or 28 hr 
Jat'er /As an assay for possjbte CJiariges jri cell faie consi 
quent <ip«>n the ectopic activfty of sW, we cJecidfed to.aha- 
|y;^e aifa/.expressl^h, since iHis gene serves as a marker 
fpr p0|!s in whlch^^ fs norrn$fly expms&ed.' 
Figure 7, we bbs^n/Qi> highly toa^ 
9i ^xfif |n a slgfitrfcanl projpdnion of the injected eifibryos 
C21 Of 80) fixed after 28 hr of deveJppmeriL j^ffecied 
t>f>'Os^h6w a broadening of th^ a//a/ expression ^dmarn 
in the dflencephaloiri and ectopic axfai expre^ton in the 
rn]dbmiA;:lfi0we\^ 

ir? the %Iencepha!on;pr spinar w M'^y^orthe injfedte^^ 
ernbryps alj^ showed dis^turbed fdriebm^ sfruclures, in 
particular,. srnaliei; ventricfee aiid poorty develbp^d eyes. 
Arnbfis enrijbi^^ ftxed after 14 hr. a simifar proportion (8 

prth^ ixfaf stripe iii the dienpeij^h^lpn as \veli as a dorsal 
ewension 6f ax/a/^ s^^^^ In the rnrdbrain;. again, 
changes in ax/arexpre^sioii we*e 6bsei\«ed caudal to the 
hlnc^brain. Gonjroj embryos injected with sfrnriar cohceri- 
^atfbnsdffecZnnRh^^ 
hotshWri). 

Overfixpression of s/»/j In DrosophHa Emtirybs 
Activates the /^^'Dependeht Pathway 
Because of me htgh degree of siructuraj homo.fogy be- 
tween the Drospphila and z^braflsh hh genes, v^^e vvdn- 
. dered whethe r this conservat.ran also extohds to the liinor 
Ifprial If/el In tli;e'Pfbsophlia embiyd, expre^i^ipri of hh 
is Vestricbd to a $irjpe pf c©|fe:ai the aniierici boundary 
of eachparasegmenCwhereiti^ tomSntalrithe. 
tran^iptipn of Wgi g^d patch^ {ptc) In adjaceiir cells. 
(Fbrpes; et:al., 1993; ingham and Hidalgo, 1993). Oj^e- 
way to investigate functiiona^ (^nser\'atidn betv/eeh the 
fish and. fly genes would be to feplace endogenous M 
with shh; however, such ah approach requifTBS e;«en^fye. 
characlenzatlon of the cis-actlhg reg ulatbry • efenhenis of 
Dfibspphllaft 

tisied an pverexpfesi$l6rl syst^ of shh 

in "f^es. Expression of Drbsophlla hh dnven by the hsp70 
promoter lesu Its in the ectopic activation of bpih (he nor- 
mal targets of hh activity; the v^g transcriptional domain 
expands to |ill between one-third to one«half of eachpara- 
segmerii, whefeas pte is eclopicaily actlvaied in all ceils 
except those expressing engrsffed (Ingham, 1993J. To 
compare the &ctnFities of the fly and tish genes, flies 
transgenic for a H$-shh constrvct wera generated (see 
Experimental Procedures)and subjected to me same heat 
.shocK regirrie as transgenic flies. HSshh embr^^os 
fixed immediatefy after the second of two 30 min heat 
shocks exhrbU ubiqurtous transcription of the sftft cpMA. 
SImjIarfy treated embryos were fixed .30 or^D ritin after the 
second heat shock and assayed for I'/giprp/c transcription. 
Both genes were found to t>e ectopically actlvajed in a 
slfrtilar mahnef to that seen in heat-shocked HS-/?.*) env 
bryos (figure 8; data not shown): thus, the zebrafTsh shh 
gene can activete the same pathway as the endogenous 
hh gene. 




Figure a. Cc«5e<^uenc8s of UblqtHldus Ejqjresslpn In the Orp- 
,'sophila Embryo > ■ - • 

tA) Wfld-jjfpo QmbP/o. BxpiQ^$ht\ >h each. paraseijn;'©nt is res^rtaed 
to'j^arrbw sVipas of cells at the po5i*/ior bouftdcjrfes^" uJtcrruptod by 

{B) /fS^n CiiTibn/o, heat 5hp;^i{5<J fo< 30 mla at 5 ± 1 and 7 ^ ) ht 
aft^^fertiteiion ana fi^sd.AO min r«tOf', Haih stfips oi tells expressing 
.ivff at .ih* paras^gmem boun^&fy l$ cbnsldejabry broader Chan sri wild 
type pwiAg 1© tJ\e ©ctapk adivatioA crsra^scriptlan in jbeils aftt&rior 
"o ibe normal domair^ of wg iranscrlptio."*. 

^C) HS-shh embiyd Irealed ttfenJicallv to ib58 ih^m In (B). A$ in Oto- 
sopyhita /i/?; o^^w^t^fcs^ion of the zebfEfis?* shh gene leoids to ectopic 
aciivalion of trau^scr^lrOn. 



piscussiom 

The results presented In this and the accompan>'<hg pa- 
pers (Echefard el al., 1993; Riddle et al., 1993) provide 
evidence forthe conservation of the hh gene duririg evoKfr 
tlon; hh thus joins a grofwing list of Orbsophila segn^snt 
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genes ««ng a htgh degree x?f se5?uSnt^ ho^ 
jndN^iing the.^bfe?^^ f amity of ^ene^f stated \o hh 

various lin^K of evidence have implicated m ..ceu«- 
C^lVsighalmg during l3r^soj>Hiia #\^topmeM^ /^^^^^ 
transcripttofi of hh Is^'spafeUy. reslficted. ^^^^ 

cdn^encBs for Ihe^cianiy' and j^lerriir^g .cjf pells 

Wie^ctvaiis- 1980). ^miJafly, In the imagifjaJ dlscs^: the 
taies of cells sever^ cell djirr^^r^ 2«vg^.1roin ft^^ ^ 
which the^g-ane'ls Mm 

^tetted by felnaciivafen ^ohfer^ 1986- fe^;a1., 1^3). 
taken together, the^e miitahl-phenotyf^^^ 
wUh a fdl0 %r "hh^ a$ a ldng-rang$ .slgnaltng molecule or 
mo^hogeArih Sri^ W'^^^o studies hav^showii 

whe^i usui^lateci rh the presence of niiicrasdmes {U«. et . 

Detailed studies of iHe feguIa^^^^ tivo targets of hh 
ac^lyiiy In the embfyo,)idW^ 

oitih {wciibn, Implscatfag tt instead in shoft:mnge, possi- 
bly contaci^jlepiehdent. ifi5eracljons.The maintenance of 
express^Mi of pi^ ai^^ivg by /Jft a^vity is extf^m^ly SU^^ 
gestive Of sSch f mech^sm p.Snc^ of t^m 

goTiet Is restiicbd U> 6riiy lNisi cells ?h3l contact /3ft^ 
expressing <;el1s(^ ^<>^^^f^i Wi Pf^t 

Mnvthough'apparen^se^ s^vV5 a restricwd dlstfl- 
ijiitFon artJUnd'theW) trahsciipfe^ d6maini'(Ta>ioT;ef al,, 
i§93). When this d1stri??utipn Is ofi^^ overdress- 
tag ft/3 oising a.heat shbck promo^^r, bplhplc^a 
ectof^leally inc!i^ceid;d^ ^hie resirioted ex- 

pression of both g^^^ due tp jhe ilniiled-iafiu^nOi^ ol 
me hh slgnai rathe* than ih© limited competence pi ceISs 
that respond to mat signal (In^hamJ 9^^ 
data, the long-range influence of hh sn each parasegmeht 
can be Interpreted as an Indirect conssquence of its role 
in regulating the expression of other genes, such as v/g. 
In asirrilWtinWer.h/? aJong-range Influence 

in the deveSoplng.eye via b short-range activation of me 
transforming ^oWih iaclor 0 lamUy member, tfepapeh- 
rap/eg^, In neightjon^^g cells (see Ma et al-, 1993). Thus, 
in b^Th developmema) contexts, hh may be ^eh as an 
organizer of sources of signaling molecuieSi rather lhah 
as a long-range signal per se; 

In ^'ertebrate Mbryos, a combination of contact- 
dependent aind dihusible signals Is known to organlzs me 
piu^fh Ot diffefentiatip^^ spinal cord. These 

signals have' been shown lo emanaieifom the noiochord, 
the axial inesoderm derK-ative, and the lidor plate of the 
neural ttibe Jnltlaiing irithe former but perslsUnQ for longer 
in. the latter (Racz^ret el.. 1990, i993; Yamada ei al;.. 
t^9t j993)-Ourfirtdmg.thai8h6moi^ ofW?lssiraMy 



expressed first in tN axial mesodenti^and^byque^^ 
S the^lbor plafe thus highly sugs^fiv^> of aide ^ Ihis 
geh^ in CNS palterhing, . - ^ ^ 

^- T^radisiinctsl^haling 

in both iissuasi one of tN® ^^. f^^^ f 3 

cells lb differemia^ ls fipdt pl^ paczek ,et,al,i 1^90-. 
1993), where^ the olKer controls neuronal differentja^n 
r^^mad^ St ai. 1991/1993). Although our data^^nnot: 
t^uie out a fdieior shh as the latt^^ctiviiy. we<^nsidermrs 
:to be unlikely for tsvoreasojis. First, w^^^^ tuncbonal 
analysis- of hfl In Drosophlla points to its encoding a 
shprt^^Hg^.possibhfcdmam-dependen^ 
Iftdybinlactivilv Has been ^h^^^ 
te^lefi^tor(Yamadaetsi., 1993}.Seo^ 
lyiationsinherent ifi c6mpa#?h^ to^^^en^en^hi^^ 
stages of difeent ^^ecles, the timing of sft/r transcnption 
appears^ be IntSinsisletit wii^ temporal profile of this 
activity; Thiis. in th^cjhiak embryo, neU rort-inducing acstv- 
first detectable after the onset of somitd^enesfs and 
persists inihe notochord unlll close tb the end of this pro- 
cess (Vapiadactai,, ism m qb^tfasts; with the early; 
onset of expression of sfrfr both axial nriesoderm and. 
iioorplale a^d with the ^p^enmlnationof ^fr ^xp^sssion 
from' the hbiochofd onoa somliogene^is begins* 

noor plaie^nducing activity, .on the other hand, is at 
maximal levels in the ndtochprd of stage 6 dhlcl? embrvos, 
just pilbr4o the onset oi .sornitbgehe^ but dissipates by 
stage ib/when iO somites have formed (Placzek et al.,. 
1991, i$93); this temporai prdlie corresponds more 
Closely to the expres^lort of sijft tn the^axl al mesoderm .oi 
the zebrafteh emb.'yo;eil6r^ver,;tt^einduc!ng.ad^^^^^ of 
the floor plate ceiisjthemseVes persl^js unitl welt after ths 
completion of somlipgenesis inthe chfek embryo (Placzek 
el |993), and In line vvUh this we find, that floor plate 
expr^sston ot^shftpeTsl^tsatte tianscrlption cea^^s In the 
notochord. (Slven^-Uie contact-depehdeht nature of floor 
plate induollDn {Piaczek et aL; 1991; 19^3). the gene 
prodvbt wbuld thus seem an attractive c^^ 

an activity. , 
To investigate this possibility, we injected syntl?etic sfift 

■ mRNA into fertilized zebTafish embrv'Os; FoHowng such 
Inicctioris, we obsea-s a cbnsisleht phenoiypic effect, the 
ectopic acth'atibn of the ax/argene in the midbralnmind- 
braln r^ion. Since ax/a/ expression ts nofmally restficted 
%o the floor plate in this regiba of the brain (Sirahle et 
ai„ 1993), iv'is templing tb tnterpiet this resuU as being, 
i ndicative of achange infateol more dorsallylopa^ cells. 
A definitive demonstration that these cells have &een 
duced to differentiate as «oor plate must await ttie avail- 
abiRty of other floor plate-specittc markers AVe note, hovv> 
ever/ that ectdpic axml activation is never obsen/ed m 
other regions bl the neural keel; a simple explanalion tor 
this could be tt^at posteriof to,the midbrain, more than one 
factor Is required' lor abor ptale inductkin. imerestingK 
ectopic expression of a mouse hdmotog of axial, HNF3p 
in response to ectopic shh activity Is similarly feslricted 
to the midbrainmindbraln region of mouse embryos 
(Echelard at al., 1993). Another possibility is that the re- 
stficted response to ectopicsft/3 is i ndicative of adifference 

in the susceptibility of differing regions of the CNS to fate 
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changes iiftdef these, p^fcuiar escperinieht^t circaim* 
stances. 4n this regard,. It is initefestilig ^?vat ectopic iiiiJuCf- 
Son qt floor ;rfai8 markers was. slmilariy foundtd Ipe fe* 
strtC?^ to the rnidbfaift following irijectlon of Uanscflpl lor 
•^e a»3AfeMe<i gene ps&iraAai^s into Xenqpus embrysos 
(Rtiis: I Al!aba et al^ 19^3): 

Rec^t studies of the ni/ mutatldri une^qjectedly re- 
veaieii that ttoor p^^ dlff^is^ can ipn6c^ jn the 
absent q^.ai^tocS? 

ericbdes tha zebrafeh orthoiog of 4he mouse Brachyury 
(St^^Uj^Btkef &X t994b)y a transcription fado^ re^ 
^i?ed for notot^Ofd •^Ifferentfatibh. . (Kl^pert; ancf \ Herr- 

ni^b^ the neural keel of mumht embryos, end it has been 

siiggesied thaUhes^ to 'the notbchord 

pr^isors (Hslpefii et al;, i993)^Smce flow p 

ifefi- occurs pte?: to", the pmitpfiid^ bi mejiotbiifra^ 

■iiies^ fife^ dilfe ar^ thiq^^^ to:prt>aui!3«r 

ij^uiing adtivJty Indepehtferi^^ the funeiibri. of ttis M 

gene; .:^ic^rdin^, arty gene encoding su^^^ 

ihbutd stiti beexpres^d In embryos, dur Rndfeg.that 

s/i/j .expression in the axial mesbdermal of ncf miftahts^ 

uneftered just prior io.the onset of soiThiiog'ehesI^ Ihus 

^cdfisfeteaU -lAiith a rpl^ fer $hfi In floor plate irtduciion. 

The f aSiffe of floor plsie dlfierentie^on in eye mut^ns 
rssultklrd^iD a o3ll-<&LilonbmotiS defect inihe ablllly of mk^ 
Rne' neural plate cells to respond to the in^uclfig\sigM 
{Hattaetai.> 1991^ ExpreissjoholthB^^s^^^^ itse1f%ax£«I 
iSnesc^snn cells cippears unfmpalred tiy mutation ss: 
f eveai^ by the abllrty of geneiically wild-type ceJIs to cftf- 
ferenti^ate 4s I1oor|^aite v\^en transplanted into eye mutanr 
ef5nl?ryos{Hatta era):, 19^91). tn line w^ih this^ ^/i/? exprjes* 
sion is unaffected ifi a>(:iai mesoderm but i& hc^ 
m the ventral neu?^ keeiln cyo mutants, Tha! wiM^q^e. 
liodr piite cells.are pa^ble of in surrpuhdlng^^" 
mutant qs^ls In n^dsaic anlrnals has led lo the siiggestbn 
that the ;pianaf signal mediating this horn eogenetic Induc- 
tion difiefs from the nptbchoTd signit (Hatia 8t,a],, 1991); 
'In this c&se, dsspite Its.fioq'f plate, expression, s^i^ coul4 
not luJiillbarth funciidni: Vitlt may be that thQ:ps;sisiem 
Hqh ^evai oi exgf es^on ot shh in Ihe floor plate ccnnpared 
with the rtolochord in wllcMyp^ erribryos provides Ihs ba^ 
f« this fsscuing behavior, thus, floor plate cells may pro- 
duce more of the same Signal and for longer, enough to 
overcome the attenuated receptor activity caused by the 
eye nytatlon. in this context, ii is interesting thatfloorpiate 
dmerentaUon is rescued th eye: ntf double mutants (K. 
HatU, KimmeJ, and M. Hatpern, persona! comrrsunica- 
tidi), quite possibly as a result pS the prolonged presence 
otuirtdiff&rentlated and poteritialiy signal-producing notb^ 
chord precursors. 

A fioiable feature of the sftft expression psltern is its 
extension and mansion rostral to the no.tochOrd. v/hidh 
in thali$h terminates atlhe level of the fourth rhonibomere 
(Hatta et aJ„ 1991). From the hindbrain to the forebrain. 
^ej^^ a continuous domsin of sft^^ express«5n that broad- 
ens from the ii-celi wide stripe characteristic of the Iksor 

p!ate to a band iaf several cell diairneters in the ventral 
dlenceph^oa* Based upon morphofoglcat criteria and on 



the expression patierhs of molecular markers; such as thef 
2rtS antigen in zebrafish {Hattia ^ al,; 1^1) Of ihs fPz- 
and FP4 ahtigen^ in rat (Plapzsk el eU 1993)» tite 4w 
ptate b generally constdared to terriilnate at the Rndbrsh^ 
torebrain boufidary in all vertebrate rspecies: hdw^-er, 
iiatia ^t al. (1 993) have ^cently suiggested^ that <;slls \«th 
sImBaj- signalirig properties ceBs pppti^ate: 

tee' vehtrfl dtericephaJon they direct the specific^* 
^n of surrounding celFs. . this proposal sterns &om. lhe 
ebservm^oh that the mbst ewreme aspect of the c^cpher 
noiype. is manifested anterior to tjie- midbraip. cydcjsia 
ens-iimg as a cbnseq pithe;5BliminEtoii'<^ a s«bs|an- 
liai'part bf .jtheVehtrai f bret^ T99i);*Siid"is 
suppbrted by our Onding that egression Is completely 
5^nt frcni th^e forebrain dl eye ehftbryos. Su>pf&ingly« 
waiind that sifr/i expressiqri disappears ^teribr to Ihe^mid^ 
bjaii^ ai early as the i 0^ ep!bbly.sta§e.^ 
byp speoificsiiy block^^ 

thfbugiikpi^t the CNS, t.Ws finSn-g supiwiits Our -view thai 
eVen'at this early shhf Bxpi&^^on 'm the he-ad fs 
already jestricted to ihe heurectoderm; Exacl^^ wbert iM$ 
pfecocipiis iriductlon of llbbir plate^eQUtvalent be^ts opctjfS 
Is lincSear; H ^eems likely, however, that they^e induced 
by tKe underlying . rirte^pdenn as both cell layers mi^te 
toward the cuilmal pole. .. 

In' addition to its expression in midilne structures oi tne 
mesdderm and ectoderfn, we hawi? found that s^h Is ex- 
pres^d jft the posterior mesodermal .pellsi bf the g^iClDr^ 
iin budk. Such eVpressiori. is notable given the homdogy 
^gjvveeh' fiectoral fii^s and. tetrapod Umbs. Expe^tmentaj 
manipulations of . chick limb btjds have shov/n that cel^ 
In a simHar position potass a polarizing aclWity c^ble 
of inducing, mirtpr Image digit^ dujpticattbns v/tten trans- 
plahted to the anterior side of the limb bud. SMkiiigiy, . 
other lis^iies thai .e;«pr^ s^i^i y>a 
plate, exitibn sirnilar properties whan transplanted Inio the 
amedor side of limb buds, (Wagner etal., 19^) ^nd in the 
.accompanying paper CRiddleetaL. i9»3):prpv{de"-compel- 
ling e\^dence, that the pplarizmg^ activi^ in all of these 
tissues is the $hh gene pibduct. That shh is expressed ki 
a siiTiliar region of tjdtli fin and limb rudiments i?PD%s a 
rejanarkable evolutionary conservation of ^e mechanise 
that patterns these structures. 

The eariy expression of shh in the embryonic ^Maid of 
zebraftsh ernbryos is remfniscenibf and overlaps the earty 
expression domains o? other genes, such as a>cia/(Strahle 
et at . , 1 993), nti (Schuite-Meri^e r at al , , 1 S94a, 1 9S4b), and 
gs^ <Schu!;e-Merker et aL, 1994a; Sjatchel et at. 1993): 
whefeer such early shh transcription has any tunc^prial 
significance remains to. be seen. As the convergence and 
exfensfon mcw^ments o( gastrulation proceed, the sfih ex* 
presstoh domain remalnis substantially cbexien^ve 
those of ax/2f and /??/- Both of these latter genes enc^e 
putative transcfipfion factors, raising the poss^ty that 
one or the other Of them might "f egiilate shh expressly. 
\%^ne pur iinding.that expression .bf sftft is unanected in 
the absence of activity eliminates a from hsiing such 
a role, the case lor such a regulatory relationship between 
exi'ai and $rih remains attractive. Not only are both genes 
coexpressed within the axial mesoderm, sxial is also ex- 
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pressed in midihe nieural plate cefrs. v^'her^ a couW al^O 

s/i/T0xpressioii. analysis, ajwafilsitsell a target iorshh aciiv- 
Ity; mis woyld irtij^ty a c^scad^^ muVual acti\^ftton be-r 

artd aVa^exjpre^^^ appearld werlap caudal Ap 

me mWbfainrexpressipri of within the cfienc^ph^^^^^ 
ts significanfly itibfe wl&espf ead. Jfius. ■some lactof oth^r 
mart axferjf inuM i>e '^oWired Iqt ^ expfesston, at least 

in the foretjrairtf: 

Despite th^aiiyctii^ 
leinl; th^^^tsHse^ s^rft Indeval- 

•&iai.^»ie wh^ the endogei^ 
.pfie&6d. This implies thatthaz^bj^^ 

t^in cart recb^nizG Ufe:r^ tor Orbsophila hh; by exj- 

4n^ion, tHis^>€k»p5Crf- may be sim^ 
^<iilut!dn:1^^du^h Ih^ /i/f.$i5naling; palhway,jja5 

^i^hsis^ly anaiyiecl 'm Drosc^phlla (Forbes, et al.,.i99o. 
■ Ih^arhr 1993; liigham aiid HKJalgb, 1?93). the identity 

ol any pulaiK^ hh receptor st«1 remains ynpertain. The^ 

Strongest candidate to date is the pfodud of the s9gme.ni 

pol^ritSrger^epic(^^ 

catloh of ^fc in siJch a.rcJie is based enlirebr on genetic 
data, and it remains possible that this gene^cts in a paral* 
lei pathway to hhifofbe^ el aL, 1 993). Whether counter- 
parts of this and omer genetically identified components 
plhh signanhg m Drosophila are involved in shh function 
in vertebiiales 'f^^ ^^^^ 
ekp^eflmerita* Procedures 

Ciorting antJ Sequertcin^ , , 

cOHA librory Wero 5«^cnedlby piOQue hybrtdisatlort « towswtoger^y 
(McGmniii et^i;; t^S4y using a Mix of tyyo W):««quCtKes^s^:P^ 
a brcsbphila-^ 400 kH) EddRI ffagcndrit (pcwid&a l>y J. Mo$iter) and 
a niurlneOh^ 254 1)(5 BasriHI-^cpB! cioo <ra$m^t ;pr;>videdt>yA.. 
• Mctoofi) iF^^iif deles' were iso'atod Sfu! su^t^ned inW lT>e EcoHl 
s]te$btp(iC>t9 WlPWrm(sa^^ 8<»0 strands of clone f.ft^c;8.3 wcfC, 
iGOueaced using" ftesisd ^eletiaw (PHarmfti^a) and inifrrnal cUgoriy' 
dboiide primefs. DMA sequefices.aWdd8nvc<J amino ai^ sequsncqs 
• wore Bna1y«(b usirt^ GenewprkS;{in>eliigCriet'K:s> antf Uifi Geft^lics 
Co«^)u;er "Croup; jS^teware pactos*s. 

PCR AmpliHcatwrt • .^^^^ 

n«y»n8raie o&»i^ucle05idfis ^iftS-t and m.3 were usedto ainW 9^ 

IwSn^ed .;iih an iniWdenaWl.B6r. ^'SA^CM6 36 
c^ebof 47CC lOf 1 min. 72^C for 2 min. and 94-0 fof 1 mift 9 
ii^ «rtc«ston at 72^- Products were subdonefl In pUCi8, 

In situ Kyl^ftdizatibh . ^ ^ 

In slw hybridlia^io^s of zebran:;^ embryos were pGrformed do- 
served by CxtDby and Jowen (1993) wUh me following modrfications. 
Embryos wefB reJvydrB^ed ihrijugh ethanol father ihan methanol sc 
«es- the protei^-iss^ ^ digestion w^s j ediiccd to S mln. and suifsequsm 
wa^jnes were (tone In p&Tw wUhoul^lycSfte; lhe,aiiJ^K)dy was prcad- 
sj>#S>ed la f^STw, 2 mS-'ml bdivihe serum fJUumiawihoiii sheep ^ntm, 
nnd amibody incubaiion waspeffarrt^ed in PBTw,.2 mg/rol bayine se- • 
f ufli at^urim b^so^^a e?aCjfyos wc^e pso=es5<fd and hybriditod «» 
previOJ^sty described (inghiaw el at.. 1991)- 

Stair«0 amtovos v»er« <JBhytfrated a»«>utfieihan«*utanol swIeB. as 



which"<a-Ja be!Wf Signal. OG-,Cf pra!>^^ 
isigerMannheiiTi),' 

GoieteA Bo»rt. 6xisf<i. EHs>a!«i. The «W!anr<^ E«a?».bl6^nd t^. 
if'iiw !»' hiyii'pn ? t4« difk oycKS, 

Tj^foMl^aXatraniOOfsJA^^asampiaiadb^ 

fSc^^ATCen-AnCCACACQAGSGATT^V^^^^ 

dohoa Wo llie^t sise 01 pSH»T (Ktcig and Mslton. 1934). This 

^ PNAstatfllteafiort and is Doasionly us«»Of RK[A .ni^etion^ ew^y 
!i-«Sin iihbtias in vilio lraiisefa.Ba sWi RNA al a concenUBllpn o. 

(^^Sarlw. ^i9l■a^,d:^^^ ."^ 
wholB^ftWum i!H sHo i^tWizafi*» with the aaa/ ptoSa; 

Il^lS^^i-^oB an# a«r Opan rowing ita«^ 

S^II'iaboSan. p.asn,Sd. pKS^h, c«.t<0nm9 ma shft <,p«. 

■ m«e' Sva&wWdwt'anstoOT Drosophila embryoa usinfl standart? 
cfolftjeclion proceOtttea (inghars and Forbes. 19S3}. 

tor 30 pto intCfVEb. Feilowlrtg heat irBa(men,,e«.9fi«s vve,a 

«obsly"<tess«a)e<il':flh9isiB> a"-'. '^'J- 
Aeknowle<Sgn»Btits 

(His sludv In K,rt;=ulat. wa ihani? ihe me.mbe».o1 ine MCMahon ano 
Sl'bs orihe continual smd ra^ «*»an8ao1 da!a.i:^ormstlon. 

Vidin9.-*e.0rc«ap5>ila hf. c»6he ahead o1 P"«?«;f ■ 
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Mutations in the human 
Sonic Hedgehog gene cause 
holoprosencephaly 

Erich Roessler^ Elena Belloni^, Karin Gauden2^ 
Philippe Jay^, Philippe Berta^, 
Stephen W. Scherer^, Lap-Chee Tsui^ & 
Maximilian Muenke^ 



Holoprosencephaly (HPE) is a common develop- 
mental defect of the forebrain and frequently the 
midface in humans, with both genetic and environ- 
mental causes. HPE has a prevalence of 1 :250 dur- 
ing embryogenesis and 1:16,000 newborn infants, 
and involves incomplete development and septa- 
fen of midline structures in the central nervous sys- 
tem (CNS) with a broad spectrum of clinical 
severity^-3. Wobar HPE. the most sev«B forni which 
is usually incompatible with postnatal life, involves 
complete faulure of division of the forebrain into right 
and left hemispheres and is characteristically asso- 
ciated with facial anomalies including cyclopia, a 
ptimitive nasal structure (protx>scis) and/or midfacial 
clefting. At the mild end of the spectrum, findings 
may include mIcrooephaJy, mild hypotelorism, single 
maxillary central Incisor and other defects (Fig. 1). 
This phenotypic variability also occurs between 
affected members of the same family. The molec- 
ular basis underlying HPE is not known, although 
teratogens, non-random chromosomal anomalies, 



and familial forms with autosomal dominant and 
recessive inheritance have been described^. HPE3 
on chromosome 7q36 is one of at least four differ- 
ent loci implicated in HPE^. Here, we report the 
identification of human Sonic Hedgehog {SHH) as 
HPE3 — the first known gene to cause HPE. Ana- 
lyzing 30 autosomal dominant HPE (ADHPE) fami- 
lies, we found five families that segregate different 
heterozygous SHH mutations. Two of these muta- 
tions predict premature termination of the SHH pro- 
tein, whereas the others alter highly conserved 
residues in the vicinity of the alpha-helix-1 motif or 
signal cleavage site. 

As shown in the accompanying report, the human 
SHH gene maps in the HPE3 critical region, making it 
an excellent candidate for the HPE3 locus^°. SHH is one 
of three human genes (the others being Indian Hedge- 
hog and Desert Hedgehog)^ ^ homologous to the 
Drosophila segment polarity gene hedgehog^^*^^ . Addi- 
tional members of this gene family have been described 
in vertebrates such as Xenopus^^, chicken^^, mouse^^, 
rat^^ and zcbrafish**. These genes encode secreted pro- 
teins that undergo post-translational trafficking to 
microsomes, cleavage of a signal peptide and autopro- 
teolytic cleavage into a 19-kD amino terminus and a 25- 
kD carboxy terminus. The N-terminal fragment, Shh-N, 
has all of the known biological activity and is loosely 
associated with the plasma membrane near its site of 
synthesis^^^^; the C-terminal polypeptide is readily dif- 
fusible from the site of secretion^2»23. The hedgehog 
genes have inductive effects in the developing embryo, 
including patterning effects on the midline ventral CNS 
along the entire rostrocaudal asds^^, ventral specifica- 




Rg. 1 Variable spectrum in facial findings In patients with hoiopros- 
encephaty (HPE). a, Cyclopia with a nose-iike structure (proboscis) 
above the single eye. Synophthalmia with protxtsds. c. Proboscis 
between separated eyes. d,e. Autosomal dominant (AD) HPE family 
14 (see Fig. 2) with two HPE patients^^ closely spaced eyes (hypotelorism) and single-nostril nose (d) and ocular hypotelonsm, mid- 
facial hypoplasia with midline cleft Hp (a), f, g, AD HPE family 2 (see Fig. 2lp^: oldest affected daughter with microcephaly, severe 
hypotelorism, absence of the nasal bones and midline deft lip (0. and her mother with a single central upper incisor (g). 
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Fig. 2 The pedigree structure of the five 
autosomal dominant (AD) HPE families and 
mutations in hSHH (+) are shown with unaf- 
fected individuals (open symbols) and 
affected patients or HPE carriers (closed 
symbols). Four families have been previ- 
ously repiorted to be linked to chromosome 
7q36 (ADHPE 2, 6, 10 and 14)5; a mutation 
was also uncovered in a new fifth family, 
ADHPE 15. identified from a total of 30 
ADHPE families by SSCP analysis. DNA 
from at least two HPE patients (indicated 
by an asterisk (")) in each family, was 
sequenced, a, ADHPE 10 segregates a 
Gly31 Arg mutatton demonstrated by SSCP 
and sequencing, b, ADHPE 6 segregates a 
GInlOOstop mutation at the last codon of 
exon 1 . The mother and two of her two 
sons (+) have band shifts in exon 1 and a 
CAG to TAG mutation, that can also be 
detected by the creation of a novel Dde\ 
restriction site (data not shown), c, ADHPE 
15 segregates a Trp117Gty mutation 
demonstrated t»y sequencing DNA from the 
mother (*) and son (*). The maternal grand- 
mother Is clinically unaffected and lacks a 
band shift by SSCP (-). d, ADHPE 14 car- 
ries a Lysl OSstop mutation in exon 2 as 
denrronstrated by SSCP analysis (data not 
shown). This creates a novel Spel restric- 
tion site within the amplicon of the mutat- 
ed chromosome in all affected individuals 
(+) that is absent in unaffected memk)ers (-). 
One mate in the fourth generation who 
appears to be dinicatly unaffected is posi- 
tive for the Lysl OSstop mutation, consis- 
tent with the notion of phenotypically unaffected caniers in AD HPE families, e, ADHPE 2 segregates a Trpi 17Arg mutation which can be demonstrated by 
SSCP analysis (data not shown) and the creation of a novel Fnu4H^ restriction site in the mother (+) and her two affected daughters (+). 
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tion of somites^^*^^, and patterning of the developing 
limb buds'^*^®. During the formation of the vertebrate 
CNS, Shh is expressed within Hensen's node, the noto- 
chord and the ventral midline neural tube. Shh triggers 
differentiation of the floor plate and subsequently dif- 
ferentiation of ventral neurons throughout the neural 
tube including dopaminergic neurons in the forebrain^*, 
motor neurons in the spinal chord. It also alters Pax2 
and Pax6 expression in the developing eye^^^^. The crys- 
tal structure of murine Shh has been solved allowing 
structure/function analysis of mutations within the 
hedgehog^i^ncs^. Finally, the recent analysis of the phe- 
notype of Sfiff^'mice, including cyciopia^^, recapitu- 
lates the developmental role of Shh in the developing 
midline of the Q^S established in other vertebrates. All 
of these patterning effects are consistent with a role for 
SHH in causing HPE. 

Human SHH has a simple genomic architecture 
including three exons'°, like other members of this gene 
family. Having defined the intron--exon boundaries of 
SHH by direct DNA sequencing*^, we designed primer 
pairs for exon amplification and single-strand confor- 
mation polymorphism (SSCP) analysis in 30 ADHPE 
families. Patients who revealed SSCP band shifts were 
further analyzed by DNA sequencing of two affected 
members of each family. We analysed exons 1 and 2 for 
mutations, representing 96% of the SHH-N fragment 

Two of the 30 ADHPE families, both previously linked 
to chromosome 7q36 (ref.5), demonstrated different 
band shifts on SSCP for exon 1 , which encodes the first 
100 amino acids of the pre-protein (Fig. 2a,b). The 
mutation in ADHPE 10 is Gly31 Arg (GGG to AGG) at a 
conserved residue among the hedgehog ^enes adjacent 
to the putative signal cleavage site (Figs loy 3a, 4). A stop 



codon (CAG to TAG) is present in ADHPE 6 at Gin 100, 
the last codon within exon 1, creating a predicted trun- 
cation in the protein (Figs 26, 3by 4). 

Exon 2 encodes 87 amino acids of the mature SHH- 
N protein and was amplified in two segments. Analysing 
the first 248-bp subfiragment of exon 2, we found three 
additional mutations within the 50 amino acids encod- 
ed by this amplicon. ADHPE 14 is a large multi-genera- 
tional family containing a nonsense mutation at position 
Lys 105 resulting in a stop codon (AAG to TAG) (Figs 
2d, 3d, 4). We also detected two different missense muta- 
tions at Trpl 17: Trpl 17Gly (TGG to GGG) in ADHPE 
15 and Trpl 17Arg (TGG to CGG) in ADHPE 2 (Figs. 
2c,e; 3c,e), This residue is invariant in all of the available 
hedgehog protein sequences (Fig. 4) and occurs imme- 
diately following the first alpha helix of the murine Shh- 
N fragment^®. 

The two nonsense mutations predict premature ter- 
mination of the SHH protein and are consistent with 
loss of fiinction of one of the SHH genes. The Gly31 Asp 
substitution immediately follows a six-amino acid con- 
sensus signal cleavage site (Fig. 4)^^, and might cause 
incorrect signal sequence processing resulting in loss of 
function, as secretion of the Shh protein is critical for 
biological responses^^ This implies that haploinsuffi- 
ciency is the genetic mechanism in ADHPE involving 
SHH. These findings are consistent with our experience 
that cytogenetic deletions of 7q36 which include SHH 
are stron^y correlated with HPE (E.R. etaL, submitted). 
The remaining two missense mutations in exon 2 occur 
at an invariant amino acid, Trp 117, immediately fol- 
lowing a crucial alpha helbc-1 motif^. We speculate that 
this mutation may destabilize the SHH-N fragment, 
which can now be tested by functional studies. 



358 



nature genetics volume 14 noveml^er 1996 



^ letters 



Fig. 3 Represenata* 
tive chnomatograms 
of DNA sequence 
mutations of the 
SHH gene from 
affected individuals 
in AOHPE families 
10 (a). 6 (6). 15(c), 
14(d), and 2(e). The 
sequence of the 
wild-type DNA is 
undertined. 
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In humans, loss of one SHH allele is sufficient to cause 
HPE, whereas both alleles need to be lost in the S/i/i"'" 
mouse to produce a similar CNS phenotype^^ We 
observe that haploinsufificiency for SHH in humans is 
sufficient to disturb ventral midline neurogenesis, but 
insufficient to cause ventralization defects of sclerotome 
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or limb abnormalities. These species differences might 
be explained, in part, by the requirement for different 
concentrations of Shh to produce various biological 
responses. For example, floor plate induction in the chick 
requires five times the concentration of Shh-N than does 
motor neuron induction^. Therefore, haploinsufficien- 
cy for SHH appears to be more critical in humans, for 
short-range effects (such as floor plate induction) than 
for long-range effects (for example, limb patterning or 
formation of vertebrae and ribs). 

HPE is a genetically heterogeneous malformation with 
significant morbidity and mortality in humans. The 
identification of SHHbs the HPE3 gene is a step toward 
better understanding of normal and abnormal brain 
development in humans, based on studies of SHH and 
related genes in other vertebrates. The striking evolu- 
tionary conservation of sonic hedgehog %cnes suggests 
that the molecular pathogenesis of deficiencies of Shh 
expression will provide impoictant and usefid models for 
HPE. For example, the zebrafish mutation cydop^^ alters 
the forebrain expression of Shh^^ that may set up a chain 
of developmental events mimicking the human HPE 
malformation. Similarly, the zebrafish no to^7mutation^^ 
and the homologous mouse gene hrachyury, have been 
shown to disturb the expression of Shh in caudal struc- 
tures accompanied by degeneration of the notochord*^. 
This phenotype suggests a mechanism for caudal regres- 
sion (a human disorder that also maps to the same 



Fig. 4 Comparison of protein sequences for human Sonic 
(hSHH)^\ human Indian (hlHH)i\ human Desert (hDHH)i\ nrwuse 
Sonic (mShh)^®, zebrafish Sonic (zShh)^® and Drosophrfe hedgehog 
(dhh)^^ were compared by the program ALIGN; a similar analy- 
sts'^ and o^al structure of the murine Shh-N fragment has been 
published^. The functional N-terminal fragment of murine Shh>N 
begins with cleavage of the first 24 amino acids of the signal 
sequence and ends by autocatalytic cleavage between Lys195 
and Ser196. resulting in a 19-kD domain that shows extensive 
homology among the hedgehog genes {SHH: exon 1 : amino acids 
1-100, exon 2: 101-187, exon 3: 188-462). Identical amino acids 
are shown in red, and the sites of mutations in green. A gap is 
introduced In the protein sequence to mark the exon boundaries. 
The Qly31Arg nrujtation in ADHPE 10 occurs at an invariant residue 
in the six sequences shown, as well as mosquito^, rat^' and Xeno- 
pus'^. The presumptive signal cleavage site precedes a consensus 
sequence CGPGRG^^. The mutations in ADHPE 6 and 1 4 are stop 
codons at the positions indicated. Mutations in ADi-IPE 2 and 15 
involve the invariant Trp117 codon and cause the substitution of 
Arg or Gly, respsectively. This amino acid immediatety follows the 
first alpha helix of the murine Shh-N structune^^. 
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region of 7q36 as SHlfi^) if we propose that low level 
SHH expression in the caudal region mimics absence of 
the caudal notochord. Further studies of the regulation 
of Shh gene expression and signaling mechanisms ^^'^^ 
may ultimately suggest candidate genes for additional 
HP£ loci. 



Methods 

Patients. Thirty unrelated families with ADHPE, including 8 
families previously shown to be linked to 7q36 (ref. 5), were 
studied for SSCP changes in the first two exons of SHH. None 
of the five detected SSCP alterations were found in over 100 
normal chromosomes. 



Mutation analysis. DNA was extracted from lymphocytes or 
established lymphoblastoid cell lines from affected and unaf- 
fected members of each family by routine methods and SSCP 
analysis was performed essentially as described^^. Amplicons 
demonstrating SSCP band shifts were analyzed by the Nucleic 
Acid/Protein Core facility of the Children's Hospital of 
Philadelphia using an ABl 373A automated sequencer. The 
primers used for cxon amplification arc described below. For 
exon 1, the SHH/lFl primer 5'-<:AGCCAGCGAGGGAGA- 
GAGCGAGCGGGCGA-3* and SHH/lRl primer 5'-TAAGTC- 
TGGAAGTGTTCGGCTTCTC-3* were used with the cycle 
parameters: 94 ^C for 1 min, 60 **C for 45 sec, 72 *^C for 1 min. 
35 cycles. After amplification the reaction was digested with 
BgU\ into subfragments (170 bp and 350 bp) and resolved on a 
6% glycerol polyacrylamide gel. Exon 2 was amplified as two 
subfragments. Fbr the first portion of exon 2 we used SHH/2¥2 
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Cyclopia and defective axial patterning in 
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targeted gene disruption fn the mouse shows tfiM the Some hedgehog^hh) gene plays a critical role in 
patterning of vertebrate eni and spinal cord, the axial skeleton and 

the I imbsl Early defects are observed in the establishment p r maintenance of midl ine structures, su^ as 
the notochord and the IToorpIate, and later defects tnclude absence of distal Jimb structures^ cyclopia, 
absence of ventral cett types wittih the neural tube> and absence of the spinal column aiid most of the 
tibs. Dbfects in all tissues extend beyond the nbnmaf sites of Shh transcription, confirming the proposed 
role of Shh proteins as an extracellular signal required for the tissue-organlaing properties of several 
vertebrate patterning cen^^^ 



dty of certain tissiieMo M of ceil t>pes withini 

adjacent embryonic, liases,- (hroagli the actjon of 
secreted signalling, mole<aalcs. Vertebrate gene products relate 
to that of a ^d'ctcd 
IMOtem signal m have emer^ged as the molecules 

. niost-studicd memb^r.bf thj;> multi-gcnc jfamHy^^ in \-^ebfates: is 
:Sdmt ft€i^ehog {S^th%%}jii^^ has been isolated from maiiy species, 

ihduding m6|x.^, ,duf^^^^ ^at, frog, ft$h atid jiunian^. These 

initi al sE udtes- of Shh gene expression demon&lratcd an association 
* With ernbiybmc stnici iires sUch isf iht iidtochord, the ftooppTate of : 

the neural tube» and thc .postcrior.in^ of tetrapod limb buds, 

all of which are |9o\v'h,to haveoi^nmng' p^ 
•tation aiid graftiiig ^ 

, The cxpressiofi, oiShh at ihe^e locaJ ions -and the secretion of the 
Shh protein suggest that it is mv6hx:d iJi patterning/Stt|5^o^^ 
this suggestion cdrn^ from <b:perimcntal expression or placement 
oif the^Shh protein at ectopic locatioii^ bi embtytis, and irotn 
Irtaim^Jiit ore^ptoed ,embi%'6nK target tissues with" purified 
protcin:Thtis, for cxampk, ecl]s infected with a retrovirus caro'ing . 
the chjck^n5/i/t gene dr. transfected\^dih a aim^t Sh^t cixprcssiori 
construct are capable of inducing mirfor-icnagelitnb-digit diipli* 
cations when grated lb the anterior margin of th6 embiyonic chick 
limb btid'^-^ similar dupJiCHlions rcsahcd from grafting of b&<5!ds 
impregnated with purified protein to the snterbr limb bud 
margin***: In the neural tubc^ ectopic cxpres5u6n of Shfi promotes 
the expres<;iori of genes no;*ma31y expressed m or near the .ventral 
midline, analogous 10 the effects oC ectopic notochord gra^^ 
These xxntraJ pattcrhtng effects extend lo thcbrain and eyev*'^*"'* 
and to the soniitcs, ^.^^crc Shh seems to promote formation of 
scleroion^e veiUratiy andio repress more dOT^d somite fatcs^^:'^ 
Tfeatmentofiieunil plale aT>dpre$omi<ic mesodcnncxplants vviih 
purifjed protein also induced cell type-specific genes, witli floor- 
plate iriaxkcrs induced at high conceniraitons and motor tteuron 
and sclerotome markeirs at lower conccntrations^^^*, 

li)iKc'experlmeiHal approaches dertioi^istrated a potential role 
for-AA; activity, ii^^^^ Aspects of embryonic patteraicg: How- 
e^r^ bc<3us_c multiple vertebrate hh genes display sjinflar signal- 
ling activities*'^:"^^^^ these studies . did not esiablish jx unique.. 
re:qufrement.for sM/To examine more directly the; role of 
in normal embmnic patterning and to search for other ;as-yet 
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urtidenUfiid paUeming acLiyilies^ we undertook the iargctcid 
mutageneias q^ Shh gOKi in the. mouse. 

Targeted dfsriiptiQii afSbh 

Mice hdmoa^pus for a disrupted , SMi ; gerie were gener<i ted hy 
using homologotjs recombination in embryonic stem (iES) cells 
{Frg» In the targeting vector* a PGK-wa cassette rcpiabed 
cxori 2 and portions of the flanking intronsj leaying coding 
sequences that . Vt'ould result Jn a truncated protein (Fig. lo). 
T?iis defeii^^ causes a loss; of ^7 of the 19S residues vsithin the 
N-terminal product of autocataJytic processing, including 
most of the oc (5 sandwich (both of the cx^hdiccs and the central 
fo^ur.of six p^strahds) that f orms the core of id^^^ domain 
st^uctire^^ This domain ts re^pbnsiiste fpt^ all Shh . sign<illing: 
activity, including :the induction Of a ^•ariety of ventral neural 
a.n.d . somite cell types, and also, the induction and patterning of 
dtstal limb structures^'^"'^^'^-^*'^-^*. ilic t^^ also co-n- 

talns two thymidine kinase genes at positions" flanking the Shh 
genomic region for cpuntcf-ijeleciion of ES ceils. 

Souihcni analy'sis of 200 ES clones, selccled for th>'midine 
kinase and neo resistance revealed 19 with ia 5.5-kb £roRI 
fragment, indicative of the ddetioh of exon 2 (data hot $]u>wti), 
Chimaedc mice were generated by blastqcy'st Injections from six 
independent EScell lines containing the disrupted Shli allele. Two 
mutant tines were .then established through gcrmline trajw- 
mission of ES clones 19^ and 184. Gcnot>pcsof the progeny were 
determined u^iirig .Southern and pQlymerai5e chaiii reaction (PCR) 
analyses (Fig, 1^. c). He(ero;<^gou$ si ice seem normal, but only- 
two homozj^ous mutant stillborn pups from more than a thou- 
sand progeny w'cre recovered from crosses of ^/lA*^" lodKfiduiiis, 
Gefto^'pic?inal>'siS' Of.embr>'0S frcnn 7.> tn daj's post-cottuin 
(d.px.) showed no obvious deviation from the expected Mcn- 
dclian. ratio (datd hot shown), indicating.thait most fiVutaiut 
cmbiy'cs die at orjiist before birth, with probable rapid eannibar 
lizadon of -stillboriVpups- 

Abiiprmai anatomy and histology 

The earliest detectable morphological defects oocur in the future 
forebrain region , of homozygous mutant embsybs. at eiribiyohip 
day 9.5 (ES.5)» The cephalic neural iube at this stage has nor yet 
closed, and the neural folds arc quite cxlcnsive whhweli-dcfined 
lips that extend to a.clearJy defined ventral mttdiinc. In 5ft7j mutant 
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6sibrvt5s, bov^-cver, thcTnidiinc is MdisUnci (««ir^^ FSj,.2ff %ith 
Fis. ib;arT6w), the vcBUal lips of tlset^^phalfcu^ as^ 
the DOHi^aUy ^cfeLralci optic va^^^^^ appear ivis^^ z cpntm- 
ucvassiiidfi vesicle i5roln3dm:g at ihe ventrialmttSHia ceph^jc 
defects in Si^ mutant cro^^ af^arsnt.wlicn 
the neurd tube doses; with an ovcraU reduction m size of the bram 
;=i]5d <p\n^ coni:Thi$ tsespettally apparenl at |h« mescnccphalipf 
dfcncis^halic jurtc^lcm of £95 
itniral lubc are almost ^ coniaK^iih each :o^ 
Flo 2c) By Ell^> as normal bram siruciuies bcco?«e more 
•promin<^l,ihe small size and defects iii thcipiCStMnpth-^i midbnvm 
aitdteebrain otShh mutanl embryos cai^ ^dcady c4>^rx^cd (F^ 
My ihe most^obvicjais j^pccftc defect is lhe abscnte of externally 
TisMt istcrd eW structures,. By EI.5 J {Ti^ ^2^1 Shh miitartt 
embnr^ exhibit' severe grovi'lli fctardatioa tiuoughoul mo*! of 
tfee cmbr\^.and lack the distinct iofeUmb and hindiimb structures . 
found in'ibek norrnariiuerxnate^ in additipa, ir^ive ^ro^vth 
•dcikiis b the forcbrain a^d. in craaiofacijd ^mciurcs are so 
extTcme'tbat ncwmal facial fcaiurcs such as the post: aad 
oral'streriti^^es are not identifiabk> and t be soic. r<?muning cxltr- 
nal feature pf the tnutanl Iheacl is ;^ probasds-likc cxiemioii that 
:prQtnide5 from .the ttisual midlmr: Gross inspectiDii ^Bd pr^: 
liiTunao' histologjicai anatj-si^ of the iaicmat organs of mh,:> 
mmnt cmbo^ revealed abnorm^Uiies of hesjt, lang, kidney 
aiyibregul development {CC ff^ampublisbed data), although 

appeared rM^iwal iii alt miiiam ^ 

^ noted above, baalcral eye structures ant oat ol«cJ%'cd in 5>7/i 
m^jr^at embrv^isat any stage of dcv'elcpmm.aiidt^^^ 
issmlc^ndo^niimious frorri its earliest apf^araooc ai --ES.>. At 
E93^e3q>Tession of the gene W«>p/«/wimLO ciir deiccicd 
ihmijOtdol ihk vc^de <Fig: 2/, ^r)> '^ui^cstine that these cells are 
prccoTsbrs of pi!i3icme<J retinal epithelium-. Indeed, by E3^^ an 
accumubikin of pi^etttcd tiSJHieJs found consistemij^at the base 
of and jusi uader .thc pRSbdsds of tlicsc tmiiam embryos (Fig. 2r, 
Gittm-head). in additioti,:«xprcssidti of f^S sx ElOJ revealed « 
dnde nasal pit at iheinidlifie instead of tfce KJatcrsI pits liormalb' 
ob&m:d (compare Bgl Vi ^vUh Fig. 2/$. CnMSM»cd.or« of the 
aeurai tube at the level of the spinal cord aad ai pthcraxial levels 
^ n^^-ealed the absence of a moTphologkaliy dislwct. fioorpiaie 
in 05 Shh mutants, with ihe wiitral rcgroii of Ihc neural tube 
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eoiiskme iristead of 2 ffickepithetium{c6^ Hg, ^ ^uhFig. 
•2fc* ano^^>. Kotochord ii5sae ts e\'ideBt in x^-sec^ns iiom 
caidai and sofac'roscral axial leva? ia mtitanl embsmss ai tins 
stage (see also Fig. , ^ . i- • 

Staimng of boac and cartilage also^ reye^jled oefeos la . 
cranio-faciil and ajrpendiailar skeletoa of ^ ;imixanl 
eisibryos. Qamo^fadd bones . aire iscve^^^^ and. afe 

ali^ catiiefy.abSfi^' (Fig. dcjn^.the P^ff^ 

nearty abtni^ aj^»arancc 6^^^ ^ . ^ 

2c) Defects ihe miiiChfacial skeleton are common^' obsen^ 
iti aswdation miM ftcondl . tube /defects, .and m the <:as: ol Shh 
mulams-these maj-be a se«mdary.conscflM€tice^of the extreme 
midbrain aad ibrcfeam 4i:fects. In the axjal skdeion of 
mutant embryos, most sderotpmaV derivatives md^i^ t^c 
enure verteb^ cohisui are: absent, with only iv^ or ^ rib 
cartQa&<s r^iaaiiiiim. Other rib;5lructares arc difScolt to assign 
5n the absence ddt 'vsrtebjal column, bur their caniiapcwS: 
composition saggesb- an anterior .and. ventral nsluie.. in the 
appendaaes, d'^al sxructiiresare- siipsf affected, with ^^f^issplete; 
absence of di^ts: and absence or fujaon of the paittd distd^ 
bones. Thus, in the hindiimb, whioh is more swerchr affected, the 
tibia and fibula are 'completely abseiit, although the f eamr ts 
fonhed (Fis. 2m. n). In the forerinib, a.hony extension O^ m 
bumeru^i siav repre^ntcilher a fused ulna,/radsis Of stm^a long, 
bent humerus: these ^ssibHities are difficult.to distinguisiigi^ 
the al»cn<x <)f eamiage> ft'itidi oormaliy scpamtcs tbese-boncs at 
{he:elbo9»' j^Mnt (Fig. 2m, n\ arrow). 

Defective axial structures 

Because notochofd tissue scims to be present in caudal hut noi 
rostral- cress-sections of H9.5 Shh. mut arvt embryos, w-.sOuSbttp 
determine whether the notochord is cstahUshcd normally ordis^ 
plays defects at earher stages. Fate mappmgand transpfafit srud^e^ 
have show-D that ^e regrcs^g node Is the pumm' g^f^^ 
riotochord tissue dnrxnc early embr^^onic developmccr;*^ . The- 
Bmdiyiiry «ene, iv-hich eiicodcs a Dl^A-bindtng protcm-aad.^ 
rcqtiir^d for diffcrentigUon of tlie noiochord, ts copsialh^ 
expressed in ili- primitive steak and'in Uie node aud d^-elopini 
uotodiord of and H8.5 embrjjos^, In E7.13 Shh mutapt 
embtvos, Btadixury gene expression appears normal, eo??s»tcnt 
with the preseaicc of ibc node at this cady smge of devdonaieot 
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rJG^ 2AbnQrrr&i aa5»m>* and hlstofog^ cjf 
Shb rrm&ra. en^uyos. a -e, £«emaf mot' 
pf3ol:®r of vrili^^iyj» (a./^) and ^nussnt 

nilcta^^5hs -or Jho'.fbs^ral endsVoif 63.5 

fxee tte.t&c*; ctf i cfetifia midllme.<arraw^ 

^ wKtasI midrihfi of thfr p^aht 
c;t2^'irtfty of £9;5 embryo 
maf <^pj^fexwnB and 11^ irf 

tnsficdtsd fc^'the amjwfiestd; tf, Lateral' vjcw 
of £ll,&.$?ribf5<os: ^lotft- the ' reaudfen in 
.owsrs? s«e,.ihe ^trofaai -forebjaiji 
phofepr/arxJ the techof faila^ d>e 555^ 
aires <o ihe itKitarsi embfyo,,e,Later3i view 
c^€l5.S eiTi&fydi. At this sJage the craaB> 
^stfeS i^^w'cJ titsmyUinft e'm^ c6nsist$ 
siop^^«Jbo«cfe, ,ai the base of vvlsicri is 

my^ht ^oss^tjons of £9.5 

«f Use cptic vBsijfes;fts(bricSz)esJ vb* 

^ ptessaws ■ of. a. sih^- /Tjl-oqiressif^- 

wew of \st^?^mpunt>? ^ f^CH^ 
T(S5?h i^ .^hiisense^ IWA V iio^ 
W.. and $hn-- ;ef?g«>Ti5» 
i^TOs^b?* hJ^iljgKss a single nssaf 
pit torissgifci^ln a sini^.^oifectoiy p^gcbde 

^ Hwff the iac5t CKf a ildorplate irf 
t» vanssil mKffi.ne of the nwtam ^laasal 
a&e CsswJ. dsspite the apjjahjf^ ; pre- 

scista^xt&i denyctltft^-.sy:^) -as spinal 
oc^ymn 0, 35101^^ are missing v^i^th ih^ 
©isepto of SQcno .n>> cartilages {m, n. 

gata.ftot.shDy;^n). By.ES^, however. g^Rc cx|>reiJsfaA 

t^mes d^commuoos idthe rosire] ponkia<H-iiiu£ant cmbrv^s: 
.-^5' ^?;^> *te;n)stra]^mdst ej^ression of ihe Bm^^/imn^ 

more caadalJy. The fKOgrcsstve, rostral-iCK^udai m of noio- 

stiggssis that SAft is required for the roaixiieoajac^^ bur x-ot the 
ionnalm, of ihe ftoiochord; 

Iht HNE'Sfi g^nzM^kh encodes a wtp^d43eJlx irsjiscdptioii 
tscipr roiiiiwid for div^lpprnem of tlie aiia! sinictures^'^' j<j 
caressed ta ibc node, dcvelopiixg nbtoeliord, ht^.d process floor- 
pl:s4cand gtJt cndodemi, m & spatial p?,it£ra that is simiJar to but 
Stt^"^ ^^^^'^ ^'^^^ ^*<*«5i^ ^hc localisation 

of expression tsconststentfy reduced in ih^TiotodJOrd andin 
^^d ppocss (Fig 3c). By ESi WF-^ «.pres<^on in ^al 
^d«^n ,s oompkidy absent (Fig. 3d), althou^ g^i «.pj^on 
.^rsiss forat Jeast c^nc more da>^of etnbiyonic dc%*efei>njenl fdata 
i»t ^n); ^'prcssion of HHF-^ in the vcniial ncunvl tube of 
n^it^nzcmbA'qs is never inittated, initiation of/^N^F^^expfessFori 
.^tfKT. vs^ neui^^^ tube, in wnniil embryos occais before Ihc 
noiochord degenerates in m mutantcmbrvw 
ite feilurc.iotnnimc expression m mtitani neural tiibe 

^us suggests, tljat Shb protein is the tioti^bonisicri^^d siciial 
leq^iired for mF-Sfi induction in the iscmxml atunil tube " 
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are slisjwn ct /n5;gr^sion relative tti the'wiid-tjpe in iT 

Hic noTOChord is.also.kno^^'n to induce differentiation of other 
v'fentral cell t>p^ wjihin the neural tube, including raotor 
rons*5. The Isiet-J gene (Isi j) cncode$:a UU homsodoiaain 
procem that is expressed in niotor neurons, and mice lacMns 
function of rhis gene fail to fomi mpipi' nebrons^. Wc lhe?eforl 
examined jnutant embrv'os for ihe expression of IsM pkotem as a 
-marker for the presence of motor neuronsJ Normal csqpr^on of- 
Isl-l m the neur^ ivbc is fet detected, at E5,5 in 2 ptmctaic 
paaem of niKle^- siairJm: J^icrd to the l^ooipiare (Hs. 3eX in 
Shh mux^i enibjyos, cxpf essbn is al.)$cm in the seW^ttibe 
ai aU axial kvck {Fjg,..^/), tndudihg caudal wfecrc Ute 
notochaid pcrsisis. FaiJure to inducfi thclsl-l marker t^en in 
thepr^cnce of notodiord suggesis that Sbh proiein troi^ the 
notochord may be r&^amd for differeoiiaiion of motoj neurons. 
Alternativief?y, differeniiatton of motor sicaroris may require st*- 
nalling frbia the fioospfate, or frbtii boih the ^loioctenj and t& 
floorplatc. 

Dbrsovetitr^ pattern defects In the neural tatie 

Given the ifcgcneiaCtori of Uie botbchord and faflure of the 
floorplatc to d«?ck^ m Shh mutant cnibtyos, we exainined 
dorsov'cntrai (D^V) paiterning of the neund tube at El U bv 
as^>'xn« the expression pmerm of various F&c gene family 
fiicinbers (Fc^iewed in rc£ 30), In t]ie.netiral tube at the to-cl of 
the i>ro$pecdvespmaI cord,y»«;r-,? is nofmatly esprcsaid in ibe aiar 
paiEe,€ocrcspondiB|:to the dorsal half of the neunil rube j(Fig.4ff), 
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more-Wngb' thiougiioul Ihc tmsal. plate except aj lhe Axniral 
midline {Fig. 4c). in Sfdt muiBnX ^bx^v^ high l^yt^^^ 
expression crtcnd vcntrally and acroa ihejioidiine ^iiere floor- 
pl^e would tiotmally be present (Fig. 4i!>). Similarly, cxpicssionbf 
rax'6 aUo exicnds acrdss tte vcnlral mijdllnc In muiant enibryos 
zind Is rcdiice^ti to a level more charatieristic of normal.^r pJpt^ 
c^rcs^ion (Fig. 4d): In SfUi nautanl crfibO'QS, gent csgsrcssion 
patterns in Ibc veitua! neural tuS?e rhus-.apjwar to; lose tlie 
cliaractciisiics of normal basal pbte (doauaon of _Pe2X'3) 8itd 
(Inofplatc (exclusion of te-d from the midUnc) aad acquir^ alar 
plate characteriilics such as a high iwcrof 7*4^-3 wprc^ion and .a 
reduced' but uniform overall level of Pctr^ expression, ./'flr-2 
expression, iiormaHy restnctcd i6 thterncuronal xe^idns: of Ihc 
cilar and bas^ plaics that lie adjacent to tht^ sulcus limltaos;: also 
cxp^ncls acxiijss ihe ventral midline ia rnutani embiyos (Ftg; 
The nOTftml occlusion of rrorn domlparts.of the neiiiral .tv.b& 
Upreser^Mid, hpwcstr, suggcstirt ihat:doisal-patt«rhis maiptamed- 
wHhiti mutant embryos. ' \ . . * ' 

Because the noiochorddegencrhtenn S/jii mdtant e^iubjyos, tlic 
a!>Rormai patterning of ibc ventral neural tube. ritay be an mc^irect 
tonseoucrice of thi^ los^ raihenhan a direct consequence pHos^. 
df iA?? fuiiction. To assess this possibiUt)^ exptesstoi| of ./^-J 
Ruthin ihe E9.5 neural tube\^'as examined in the caudal portion .of . 
mutant embryos where some notochord tissue is stil) present: 
(cornpare Fig. 5a withFig. 56). the inability cfnbtocliord faclang 
.SM function td.cxdudc Pox-i expression from the veniraJ portion 
of the neural tubi^, in conjunction with the. results of cctppjc 
expression'^^^'^'-'^and eqjIiult^studiCi^-^^-^^V^ direct role 

for 5/i/r.in ncurul tube p^ttemmg. 
Patterning of paraxial mesoderm 
Differcitliallori of the somite into dorsal dermatome, medial 
.myotomc.«nd Wntral sclerotome is mediated by inductive signtils 
derived from surrounding feiies^*. .Previous.>tudjes h&ve shown 
M Shh is capable pf indudng esq^resaon of ihe ventral 
"sclbrbtomal marker Por.i and of suppressing the dprsal d^rnio, 
myD5oiAatmafkefite-3i ^ 

chick <5r vvhen applied to pr^otnitic mcsodenn explaots • . itie 
expression of Pflx-i nofinally is confined to the dermorriyplome of 
.thcdiffwcntoingsoi^^ 

iaeprc^on is centrally expanded (Fig, S/?), suggesting that the 
Rcteolome may also be affcclcd: Surpri&it^t&iy,. we 0^^^ 
IW rcprodudble m-i expression in E9,S.mutant somites (oom^ 
pjire Fig. 5(r with Rig: 5rf), with a.Reglcp af higb^cx^^^ 
block of fiveor six50mircs (eoinpare Fig. 5c witli Fi^. 5/), By tip 
ail j^omilc expression of PoT-i is fost (Fig. 5f, h% :mdj^ting that 
Shh is eissential for-the mainieiiancc, but not.the imlraUon, pf. 
SClerototniiU^aA:-/ expression. . 

Tlie prcsaicc of skeletal mttscle laler-stagc Jft^ mutant 
cmbiyos (data not shown) indicates 'that dliferentiairon of ^yo: 
tomal derlvativi^ docs not jcqmc Stih function. However, lal least: 
tvro'mvotonial co^npopcnts have been resolved wiibm.the somite, 
the medial wj/-5-exprcssing component and the imeral Myop- 
e.xpressmrf^omp<>t^^'^t (reviewed in rcf: 32): We obseiYcd Sig- 
niJtcantiy reduced acc^rnulation. of ntyf-S transcripts at 
(Fig. Sl f) HTid nonnal icvcb of M\oD protein at ElOJ (Fig, Sk, () 
threu"hdui the axis of mutant embryos/ l"hc5e results arc con- 
sistent wUh reports that medial but not lateral myoiomal compo- 
nents are depend^int on axial stnictures^^*,. and further su^csts 
the p6ssibilit>' that 5/?^ function contributes to this signal As aUo 
observed foribcPo;^-/ sclcrotoma! marKer » however, S/iftfgnaioti 
appears not to initiate but id en]ianc6 or miiimain expression of 
lateral mybtom al ma rkers. 



Patterning brain and eye 

In cdmparisoti with their normal lutennatcs, the brains o(Shh;f ' 
embryos are reduced in size, with progressively more severe 
morphological defeets observed in the hindbrain. mtdhram and 
forebrairi. To chajfactcrize these abnormalities further .we exam- 



ined the cxpitssion in SW? mutant embiyos of sc^^l liomw'J^^^ 
acnes Uuit arc emrcssed ill restricted regions of normal Bll^ 
brain:in:thenornial forebrain,Emx.J e^^^ 
Se dorsal tcleecphalpn correspondmg eo tbcoeooortcx (Fig. 
in S/ih mutant cmbr>-os, ^^'"^ "^^^^^ 

hfoughout a single vesicle present "^^^^^ fJ^^^ff^S^. 
■^Sng that ihe^normally mmtz\ lobcs.of the telencephalon 
fused to form a single midline .stractiire and that ventral 
Wdbram stnictures are lost. Consfstcht with, thiis mtcipre'tatfon, 

SSSndinth^di^^^ 

. indeed most ofihediencephalon as identifiable sirucmre 

thcmeseticephalonisalk)Coasistent%^ithih 
me^bnonnalmorpM^^^^ 

6ffV The defidt lit the midbrain touM appear to betn the &ntenor, 
Smostofiheremaining^m^^^^^ 

nonnallv restricted tO the posterior midbrain (compare Fig. 6c 
^Fig. 60^ Escpicsst^invof the. ^1^2 gene the^h^ 
esscnti& -riormal, consistent with the prescnce pf the midbraii^ 
liindbrairvconstrictionhiidals^ 

P^.2 cxp!^ssi6n :at C^^ta ript shov^ii). 

expression WnonnalWnteribr/^^^ 

2 and £ri-2 m prospcetii'e forebrainf midbrain and Inndbram 
domains iuggesisthat the major feqpirement for .VM gene f^nc 
tion is for vStral icil fatit spedficatianTaiher thwi anteroposter- 

Tlie>-ertebrate.eyc.originatesirpm.cvag^.n^^ Af the optm 
vesicles from the lateikl <valls .of the forebrain (r^cwed m ref 
38> After the optieTOsides have .formed Ihey uodefgo an addi- 
tional invadnalton to form dou^^^ 

into a neufijl retiiia and a jpigmcnted epithelium; these cups 
retnain cotmecied to the dlcnce^jhalon by.:the optic stalks, fa 
5/i;t mutant emlnybs the optic vesicl^arcfnsedaU^^^ 
the optiestalks arc dellderit or ab^^^^^ 

form the charactensiic double-layered optie cups,.ajid l3ie fi^ed 
eye tbsue it the midline fdrms a piginentcd ep?th 
apparent diffeieniiadon of retinal tissqe (ftg. g)* To. ?nab^ 
cyepattcmingdcfecisbmutant embryos fiJ^r^^^^ 
expression patterns of Piir-^, C>a:'^2 and P^«r-2 genes m.ihe Ell^ 
mutant eJeL and Pax^S have been shown to play important 
roles during e\'c develonment (reviewed in ref 38) and serve as 
early markers for proximal ceils thatcomrib^^ 
stalk, and for distal cells that contribute to both la\'ers of thepptic 

the normal optic cup, inchiding the pigmented epuhclmm^and the 
• tiioiai retina, is slipvm inFig- p^r-d cxp^esdon^^ 
out the ev'cJopic mutant c>^e structure (Fig. 6/), wh£ch is constituted 
■ solely of pigmented epithcliitm.Oix-2 expression similarly persists 
in ihU'doWwj miitant eye {F,g. 6^1,/:). The expression Of P^t- 
'2; normallv restricted to the optic stalk? conncctmg the eye 
primorcfi^ to the brain (Eg. 60, is: absent in mutaiU embryos 
(Fig. 60, consistcnt .with the histologically apparent absence of the 
Optic stalk and the loss of vetfetnil forebrain strtictiircs; 

Discussion 

Roles of SMt expression in neural patterning and notpchor<J 
maintenance One of the early functions of the norochord is to 
induce differentiation of vcntnil cell \yp^ sttch as fioorplate celfe 
and motor neurons in the overlying neural ectodenn. Our siud^es 
demonstrate, howler, that, despite Che presence of a differen- 
tiated noiochord during early stages of development, iloorplate. 
cells and motor nctirons are not induced in Shh mutants. Ccm- 
vcrsdy. in-other vertebrate rnuiants, such as the zebrafish/?£W2ft/tg 
he^t (flh) miiiani:'^, or ihe murine Brachyary (T) mutant, and its 
zcbrafish homoK^ue no tail {ntrf. floorplate cells develop m 
rostral pbrtioris of the: embryo despite the Jdwcnce of a dif- 
fereiUlatcd noiochord. These notochord inutants, however, 
express Shh in presumptive noiochord predirspr cells m Jihe 
midline. ExprtssMori of SWi in the absence of dcfinith* notoenord.: 
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diSferen'ltalipfl may therefore be- sufficient for vemral neuial 
pattemmg, whereas nbtc«hord.djS<ircntiati6n in the absence of 
Siih furtClioii is not. Together \varh the results 'of neural jifajc 
-explant studies''";*'^, these re^ 

by the iftS ..stgnal can operate tnSlependeiitly of iioiochord 
dcvctopment 



pur fliidirt^ thai Shh ts not essentuif for node formution or for 
notDch<)r^ differentiation ts not i-urpnsirig. as expression oWift in 
"the node is first dcreoable at the late streak to c;irlY head-fold 
stage?, by which time-a rooiphqlogicaUy Vecdv^nizaHe node and 
notochord;-are,.alfeady present Tihc rtquiu^nicm m in 
mamtcnaxice of.ihe nqtochord, bovvc\'cr, repr^scms ;i prel-ionsb^ 






FIG, 3 Defecti've axiaj slrvcttires in Shh muiam ^rnbryps. a,' b, £xpr$ssforii of 
3r^cttyurym B&.S{a) antS9.5 (i?) embryos: Note Ihe 'dis^ foss 
oifa-BCv^^O' ej^ire^lortlii lh& rostral part .of SMitiuSsnt (-/-)$:.rtibr/'OG. 
cid, Dq3re5aon:plHNF'3p expression thenQd&(n)-, notcchord (r^) and 
heatf process; (hp)" of S/i^?--''' ^mbtyos Is similar to the.nonrnj pattern, 
altfioujh the level of expression is recfuced. At ES^ (/:^, v^n.^ai vfewj; KKF- 
-3p "expression; in she'fiDOTpfeitie and the notbdhofd l^mvh is oainpJetel/ 
-fehseht, dthough expnessrqn persists In'^e .giA Cg). f, Cross-scaian^ 
Shrougn ^.5'>vad-twiB. Cej ;.and Shft-'- (Q emboroi at the lev^i of the 
foseiirrtis JaaeJted wlhiisfet-l'en^idy. AcajSmiiatroh dif fstei-i Drotem hi 
thg moiorheuron's (mn. anovv) can be. detected as bilatiif^l punctate 
.simm\i v»»ithin the y&nyol^tsfal partion of ateiiormal neural U/be (e). This 
staining is compte^ely abaent inS^^ 
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-FIG; 4 ftorsoventral jjsttemlnig defecu^^n the neurai tub^ of St^ misni 
embiyos; Cross-sectjonstfwj^i Eii.5wifd-^&(a,.c. e) andS/jh"^" 
• (6, d, if) einbsyoi h^Vidi^d wlm^^tei^lted "^isehse RNAs. a f»ax-3 is 
.nonnarf/e>«pre$s^mths a^arplamdiMheneursi to&e<a> &m in'shh* '^ ib) 
expression 0)tp^rKi5 across the ventral midline orth^ ^ ^ p^i 

expression, norniglf/big^ in me basal pi^te and w^&k b the <iiar plate (c) is- 
distff bated unlfprrnfy throt^mit, the' neural tutie inciudiog; ti^ v^tiat 
midline at a reduo^a k'^elc^^r^^ expression 
idh G, Kor?ns1.Paxr2 expres$ktn ts resttfeted to the intffmeufx>n rWlon 
ftanKing the sulcus. limitans (ej but in S^"^'. rmitents ite5;pahci$'5cros& the 
ventralnildlme of the neural tube.(f ) . r^ote.tha exclusion of 2 exnresswn 
ffoni the dor^ midKne in both wW-^e and mutent en-i%oi. Scale bar 



FIG. 5 Swnite devt-lopmont in Snh'*^: ennbiyos.- 
s-tf, Cross-sec^rs of v/ifel-type\3, c) and SUh^^-' 
ii),d) embryos showing somite expression - 
of {3, J» and PaM {c, d). Non^gl. expres- 
sion of pax--^ in the deririt^yotonie (dm) is 
ventrally expanded in Sf^JI^-*" emtxiyos and Pax- 
i expfossion fereduce^, V\'hdie- mount E9.5 
f.Or f) and E11.5 /?) embryos shov/?ng p^x-l 
eipnession in %viltf-5ype <e, g) and Shh'T'-' {Ch} 
mu^ent eimbiyos. Rolairve to v/rld ^pe. the. 
reduced le^^et of Pa^-i .scJ$btome e^jprcssioh in 
tho £9.5'miutaht is co^npictely lost by Eil,5 
ihh foretimb expressidr^ is Igr^ly nonnal 

*a5lfi.risfcs)f7J, Whfole-rnoiJht \wld-t>'P5 V). 
8hd=Srtfi-^- '(;) embryos showing o;?pres5ion of 
nijf.5Jm^c.i; E10:5x«ld-type WandSfth-'- (jf). 
..eniteyos sh£w^<fe^S:^tyoO protesri accumulation in 

mybtbime (arrov.'S). p.-jyop pjoieih expression 
'^Shh"^' mutant onibiyos is simitar to mat in svild 
^pe. but ex^essron of myf-s .RWA In mutant 
^bjyos ts s^gnHicantiy reduced. Abbjeviations: 

bj^Rchia] arches; dm, demton"^tome; sc, 
•s-cJerotdme, 
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unfore^cn toIc. Tms. maintenance, function- msy rcprc$eai ^ 
atiK»cnnc aoion cdXktShh sigiiaVproducedAMlJ^n tbc:noioi±w4. 
AlJcmativ^hv ootOChcVd nwmter»anc€ may require signals 
d€rKt;ci froin other lissues, such.asXbe llcforjiafe. wfeKc forma- 
tion 3$ depecdeai ob f:zrV\f:t.Shh. funt^too; thii pHO&sibiiit^^ seems 
ualikxiv, hflwever/«|>xn the persistence Of iiotodioitlin c>jc/ijp5 
mutantsof the xebrafUby whith lack fl6o^pl3tcccfis'^ and m fia^ 
'tjmbr\^C5 &om which ihe neuraJ lube has been cxdrpatcd hfiidi^ 

Regubtpo' interacdoas in axial tissu^^ Siih 
maiam pbeiwrvi^ teVedcd several features' of the rejulaioo' 
lineracticns bcmxen genes expressed in asial tis^cs. rre\ioas 
Siudiesi had^gicsicd iheektstehcc of a positive feedback bei\^-«:n 
iht i?2ii sagnal ^aad the iraTV^crtption factor for awtual 

matnterificc of eaqjjression inllie iieuraJ tube. We have fcoznuihere: 
.that bdeeci re^iiirccl for ihe later ifjVF-^ cxB^fsaon, but 
our afianisL^ also Shoisithai ca/ly cxp^^^^ ?»f ^ 
t^esodcnn of late sireaS: -to early head*fo1d siaees B iniiiaicd 
indei^ndepiJ^- of f^^^^ 
tlitis ch?iiie$;TOmeaiiy independence to 
■ia later reqisif^me^t ior S}{h ftinction. 

ijdothcr ^^,mpi^ cMngitig regu^ 
ktdiy relatiom^ in :a3tial micusi^s is 
ihe.^^ift ot Bmclm<ry ^xprmi^si 
ftom <?aTty depend^ucc on Ws;f*3^ fvsip^ 
tion-^ to ister mdep<3id«rfja5, as icidi- 
catcd by otir otefvation in (he Sbh 

£3iutant th^ S^j^O' gene. c?^r<ia>ibR,pcr-- 

fiists cotisidccsbH^ !oneer than cKpressjioa of 

HNF-J^Vre\imis snidies%Ve- sugg^ied 

that the matmenanc^ of ^rflr/i)^!^!)' expres- 
sion is the noiocbord is medmc^J throttgli 

autoregul^ticcn^, Altcm3ti^^ly^ mainlen' 

ancc of . Bmd^wy expresston , cotild 

im'oK'e. mouse homologvc?- of gpn^iis 

sach as whose function is: r^ulred 

for fill expression ^ebraflsb^?. 
The de\'e}opn3ciisai logic uridedymg 

these .d>Tt2Lmicallv chatsppg ; reg:«lai^ 

relatbnship- seems to be asv early nrar- 

shailmg of axjil g^ene cxpTcs$lon' tinder 

the reguiaton*. control of the HNFoP 

traii$ctiption facior (or perhaps other . 

trf^hscription ujctor^ acting .«p$iream). 

Once e^ipre^iSksn of axiail genes is e$tab- 

tishcd. ^th and i/A-f expression 

.'become miriti^Uy rnicrdcjiendent iind 

expression of both gepss is estabLisbcd 

.in ibe ventral midline of the ncin-aljiibe 

thifoufih {|*e.S!g|jaEing set ion of the Sbh 

protein. ResiricSion of other early axial 

genes sttcb as Braclntify to -expression 

id the- noiochbfd i^' accomplished by 

nncoaptifif expression from HNf-SP 

fegiilstofv' input, and possibly )yy an 

invrc<i5^in£ relfaneeoriaulo-rfigulatjon or 

rcfiulatioS h^: tuij^r notodiord-specific 

gcn-is such as flh» 

The role fit Shb in development of the 
9xbl skeleton. Shh proieio has bjeca 
implicated |he aotochord-^Serived 
signal resp6nsa>le Ibf induction bf the 
sckrotome'^-^./and the reduced ie\?et 
of /Vif-/ expression A^nd the absence of , 
niosi. sit^Joioma! dcrivaih*e& iii Slih"''" 
emhrvos sug^i. a.tolc for Shh. FlurthcrT 
niurc. the obseived skeletal defeats in 
ShH'^ ' embrras. wcrlap with those Of 
Pfflr«f ft^l embnifos; in wbkh A'entral 
ppnbns of v^^rae^ isuch as vertebral 

412 



bodies, intervertebral discs and a few medial portions, of the nos, 
are missing^. Nc\xrtbel€ss, aaiie expressly of Pax-I .ooosrs in the 
absence of funciioa, indicating. that is rrot absoktdy 
required in vfv&for s^Vicmua of sclerotomal cell fatcs^.Tbc rdc 
of Shh thus might be to maiaiain or expand the. peculation of 
committed scleroton« cells. Gbsn^iatt vvith tHf&>'i«w is the 
obscrvjition ihat SMi prorcia is a potcDl .mitogen for prcsdnutsc 
explants?, and. that, kiw kweb of .te-I are "expressed in ibc$e 
c^-plat^ts cvcii in the absence of inddcdon by hotochord .c» Shh 
protem^^. The absence of the entire vertebral oolumxi lix&^r^' 
embiyos» as oppofejd to a panial loss in Pax- J mutant c^bryoSf 
su^csts that sclerosome-ptomoiing effects of Shb .may invcAvc 
modulation of other gc^^es in sdclition to Piwr-;; one^uA -^itc 
could be Fisx'9» which b eicpr^sed in Ihe^^^ sin 

expression 'paltcm sinHlar m tiiat of Pax-I (ret 44). 

.The role of .S*Ji in limb de^-elopmenU Based, on tite initial vic^* of 
ii/jift . ^ind.the zone 0^ polarizing jaci£vit>' in^ anteroposterior limb 
pattmiin^,.9n eark prt^iabs nnghrisav^^ loss ^^ShJt^ 

ftincliORwoiild-kad sanap^jr lo antedpri^stenpr 
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FiG.-53i-anrsien£re>« pattemir^g defects ^fpS^i.^* rms^ni smtiiyos, a-' Panasa^tfel sertss&^af £il 5 
vdkt-^^K (a-c> ©nd-Sfi^i"^" e*Tit«fyQ5. a, rf„£xpfe^on erf Emx-l is normaSy mstncti&o to r^? 
iSflfsal sisacsphgton "<a). In the Sftft**** embrvo, &m-'l.e?5?res5Ja«) can be.detectecs thmu^^^t s 
.sni^ leiiericepJ^tic vesicle 1cc3ted st th^' rr^itins:|>?). 5. e, Nonr^^l ejqjr^js^on of Ocx-2 in ti^ ventral 
te?ercsp&iato 0) Is abssnl in Sh^~'^ enihi^os (ej. c. f. &i-2 e<pr$ssi5>n fnarfe tf^ mt££?r5ifV 
raf^Sbr53ri bcn-TiriBrj^s v^t^ieh spresem in Shh" ' erabs><cSK ^-l,' ParasB^iu^l tg)'; mldsag^R^ (il 
coronal ». fiiecUori^ tfutiu^ «ie^/e of £11S vsiici-^5^'^-i) 'an:1 ^'v'- (/-O embo-!^ 
p£3f-§ ^jpression is fetained in the single c^TtJC x'esfiJ^ p^^^ inShU''' embryos, 

in th£ remnant of the dorsal diefice;^wioa£3f Shft--^'* esnbryos. h. #f/C^-2 i5 expicssedin 
fratsi?^ .the, remnant of the dorsal dl^nc^j^on, and tn^ single optic \«esjaei of-5lrfi(** " 
ssribr/cfiJ Arrow indicates the Itobfptete in .?he aofinsi snessncephatoa w-Nch is absent in Sfsh*'' 
ejT&5<*&; 1. 1, "me optfesialks andP3x-2 express ase aJxsentin Sfjh-*- erribryos. Abbrevtef^sors: d, 
dasnceftfiakjr^ e. e^^^^ mesewsptetoa; ny, it^^tenceph^ o^, optlc^'esicfe; c^sj^k t. 
tekssee^ton. SSwI^ bsr in a-/, 100j4in; iaik;!, 3Sjim. 
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ihe JimW. The dramatic loss of distsl StniCturcs.obscr\'ed:hcre, 
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Abstract The identificarion of mutations in the human 
homolog of the Drosophila segment polarity gene 
Patched in basal cell carcinoma has sparked intense in- 
terest in the role of this gene in human disorders. The 
transmembrane protein Patched is a receptor for the 
morphogene Sonic Hedgehog. Sonic Hedgehog/Patched 
signaling involves another transmembrane protein, 
Smoothened, and its intracellular effectors, including the 
proto-oncogene GLIl. During the past 2 years it has be- 
come evident that mutations in Patched or in one of the 
components of its signaling pathway contribute to the 
formation of several common human tumors. It is now 
well established that Patched is a tumor suppressor gene. 
The Sonic Hedgehog/Patched/Smoothened signaling 
pathway is thus rapidly emerging as one of the most im- 
portant regulators of oncogenic transfoniiation. This 
pathway also plays an important role during mammalian 
embryonic development. This dual role is especially visi- 
ble in humans with inherited Patched mutations. Such 
patients suffer from Gorlin, or nevoid basal cell carcino- 
ma, syndrome and exhibit a variety of developmental de- 
fects accompanied by a predisposition to tumor forma- 
tion. Activating mutations in Sonic Hedgehog and 
Smoothened lead to similar phenotypes as do loss-of 
function mutations in Patched. By means of transgenic 
and gene targeting technologies the respective mutations 
have been expressed in the mouse. Such mutant mouse 
strains exhibit many symptoms observed in humans. 
These strains are useful models to study the pathogenesis 
of several common human tumors and developmental 
defects. Furthermore they provide important tools to 
study the Sonic Hedgehog/Patched/Smoothened signal- 
ing at the molecular and biochemical level. 

Key words Tumorigenesis • Embryogenesis • Basal cell 
carcinoma • Medulloblastoma 

Abbreviations BCC Basal cell carcinoma of the skin ♦ 
Ci Cubitus interruptus * ////Hedgehog • 
HPE Holoprosencephaly • IR Ionizing radiation • 
LOH Loss of heterozygosity • NBCCS/GS Nevoid basal 
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cell carcinoma syndrome/Gorlin syndrome • 
/W£r Primitive neuroectodermal tumor • PTC Patched • 
RMS Rhabdomyosarcoma • SHH Sonic hedgehog • 
SMO Smoothened 



The Sonic Hedgehog/Patched/Smoothened signaWng 
pathway 

The Patched (PTC) mutation was originally described in 
1980 in the Nobel Prize winning work of Nuesslein-Vol- 
hard and Wieschaus as an embryonic lethal mutant of 
Drosophila [1]. In the fly PTC fimctions as a segment 
polarity gene. Segment polarity genes control cell-cell 
interactions in the formation of patterns within the seg- 
ments of the embryonic epidermis. PTC fly mutants dis- 
play a mirror image duplication of the segment borders 
within each segment. Genetic analysis reveals that PTC 
acts in a signaling pathway with Hedgehog (HH) and 
Smoothened (SMO), HH is a secreted ligand of PTC, 
which itself is a transmembrane protein. Within the plas- 
ma membrane, PTC interacts with the seven transmem- 
brane domain protein SMO [2]. In the absence of HH, 
PTC inhibits SMO, thereby blocking the expression of 
target genes. Binding of HH to PTC suspends this inhibi- 
tion. The subsequent cytoplasmic events are poorly un- 
derstood, but they ultimately result in the activation of 
the transcription factor Cubitus interruptus (Ci). The 
possible cytoplasmic regulators of Ci include the ser- 
ine/threonine kinase Fused, the kinesin-related protein 
Costal2, and protein kinase A. Furthermore, the tran- 
scriptional activity of Ci protein is regulated by proteoly- 
sis. Together with dCBP, the Drosophila homolog of 
cAMP-response element binding protein, Ci regulates 
transcription of downstream genes such as Deca- 
pentaplegic, Wingless, and PTC itself [3]. A more de- 
tailed discussion of Drosophila PTC signaling can be 
found in several recent reviews [4, 5, 6]. 

Although some genes involved in this pathway have 
not yet been identified in higher animals, the 
HH/PTC/SMO signaling pathway exhibits a remarkable 
degree of conservation between Drosophila and verte- 
brates [5, 6]. In vertebrates this pathway has been impli- 
cated in tissue patterning during development and in the 
regulation of cell proliferation. Sonic hedgehog (SHH) is 
the best characterized of at least three mammalian HH 
homologs [7]. SHH plays a central role in the patterning 
of the limbs, axial skeleton, and central nervous system 
[7]. Binding of SHH to PTC suspends the inhibitory ef- 
fect of PTC on its signaling partner SMO [8]. Since ver- 
tebrate PTC and SMO can be coimmunoprecipitated, 
they are believed to form a receptor complex within the 
plasma membrane [8]. The suspension of the inhibitory 
effect of PTC on SMO upon SHH binding is most likely 
caused by a conformational change in the PTC/SMO 
complex without its dissociation [8, 9]. This conformat- 
ional change is thought to activate SMO and, via an un- 
known downstream mechanism, to trigger the expression 
of targets of the pathway. Downstream targets of the 



pathway in vertebrates include GLII (the vertebrate ho- 
molog of Drosophila Ci) [10, 1 1] and PTC [12, 13]. Oth- 
er possible targets are the members of the TGF-beta 
family of genes, which are the vertebrate homologs of 
ihQ Drosophila Decapentaplegic gene [14, 15]. 



PTC without HH or SMO in Caenorhabditis elegans 

The recent completion of the genome sequence of the 
nematode C elegans, another major model organism in 
developmental biology, has provided interesting insights 
into the evolutionary history of signal transduction path- 
ways. Surprisingly, the genome of C. elegans contains a 
PTC ortholog as well as a second PJC-like gene, but 
neither HH nor SMO [16], indicating that PTC signaling 
in C elegans may involve other ligands and signaling 
partners. The function of PTC in C. elegans is at present 
unknown. The GUI ortholog in C elegans, Tra-1, has 
been implicated in sex determination [17, 18], but it re- 
mains to be determined whether PTC also regulates Tra- 
L The functional characterization of the C. elegans PTC 
may help to reveal potential PTC fiinctions that are inde- 
pendent of SHH and SMO. 



SHH/PTC/SMO signaling pathway in human disease 

Nevoid basal cell carcinoma syndrome/Gorlin syndrome 

Inherited mutations of the human homolog of PTC lead 
to a rare autosomal dominant disorder known as Gorlin, 
or nevoid basal cell carcinoma, syndrome (NBCCS/GS; 
Table 1) [19, 20]. NBCCS/GS has an incidence of 
1:56000 and is characterized by a combination of devel- 
opmental defects with a predisposition to tumor forma- 
tion [21]. Consistent with its name, the most frequent 
type of tumor in patients with the syndrome are basal 
cell carcinomas of the skin (BCCs), The incidence of 
BCCs increases with age, and these tumors are observed 
in up to 97% of individuals with NBCCS/GS [22]. The 
number of BCCs ranges from 1 to more than 1000, and 
they can develop in any area of the skin. However, they 
are encountered more frequently on the face, neck, and 
upper part of the trunk, i.e., areas of the skin exposed to 
UV light [21, 22]. Consequently UV light is thought to 
exacerbate the development of BCCs in these patients, 
although it is probably not an essential etiological factor 
[23]. Patients with NBCCS/GS are also predisposed to 
medulloblastoma, a very malignant tumor of the cerebel- 
lum which is observed in 4% of children with the syn- 
drome [22, 24, 25]. Menigioma^[21, 22, 26] and fibroma 
[22, 25, 27, 28, 29, 30] occur in 5% and 18% of NBC- 
CS/GS cases, respectively. Other tumors associated with 
NBCCS/GS are rhabdomyoma [21, 31, 32] and rhabdo-' 
myosarcoma (RMS) [33]. 

Other characteristics of the syndrome are develop- 
mental abnormalities [21]. They typically include mal- 
fonnations of the skeleton such as syn- and Polydactyly, 
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Table 1 Orthologs of the SHR/PTC/SMO signaling pathway and the associated disorders in mammals 



C. elegans Drosophila 


Mammals 


Disorders reported in 


Phenotype in mutant mice 




humans 




- Hedgehog 


Sonic hedgehog 


Holoprosencephaly [41 , 42] 


Holoprosencephaly-like [79] 






Basal cell carcinoma [75] 


Basal cell carcinoma-like [75] 






Medulloblastoma [75] 






Breast carcinoma [75] 






Indian Hedgehog 


9 


7 




Desert Hedgehog 


? 


7 


Patched Patched 


Patched 


Gorlin Syndrome [19, 20] 
Basal cell carcmoma [52] 
Medulloblastoma [56, 59, 61] 
Tnchoepithelioma [58] 
Menigioma [53] 


Gorhn syndrome-like [70, 71] 

M 1 11 1 1 

Medulloblastoma [70] 
Rhabdomyosarcoma [71] 
Intest Adenocarcmoma (Fig. 2) 
Uterine sarcoma (Fig. 2) 






Breast carcinoma [53] 


PNET-like (Fig. 2) 






Esophageal carcinoma [57] 






Cerebral PNET [69] 






Patched2 


Basal cell carcmoma? [66] 


7 




TRC8 


Renal cell carcinoma [67] 


7 


- Smoothened 


Smoothened 


Basal cell carcinoma [54, 78] 


Basal cell carcinoma- like [78] 






Medulloblastoma [54] 


Tra-1 Cubitus 


Glil 


Glioma [73] 


7 


interruptus 


Gli2 


? 






Gli3 


Greig syndrome [100] 
Pallister-Hall syndrome [101] 


Malfonnation of lung and esophagus 
(Gli2andGli3)[102] 



closure defects of the spinal cord, skoliosis, rib defects, 
palate abnormalities, coarse face, hypertelorism, and 
macrocephaly. The location of these defects is correlated 
with sites of PTC expression during mammalian embry- 
ogenesis [12, 34]. Furthennore, patients with NBC- 
CS/GS may exhibit pits of palms and soles, cysts of the 
jaw, and ectopic calcifications As well as a generalized 
overgrowth [21, 35, 36]. The skeletal defects are usually 
the only symptoms present at birth, and other stigmata of 
the syndrome appear later in life. 

Developmental defects and tumors arise through dif- 
ferent genetic mechanisms. Individuals with NBCCS/GS 
are haploinsuflficient in PTC, due to the inheritance of 
one mutated copy of the gene. Haploinsufficiency might 
be responsible for developmental abnormalities such as 
closure defects of the neural tube, skeletal defects, as 
well as the generalized overgrowth. In contrast, tumor 
formation is thought to involve loss of heterozygosity 
(LOH), i.e., loss of the intact second copy of PTC later 
in life. The same mechanism is most, likely responsible 
for the fonuation of jaw cysts in patients with NBC- 
CS/GS, since epithelium of these cysts exhibits LOH at 
the PTC locus [37]. It remains to be seen whether other 
abnormalities such as calcifications and pits of the palms 
and soles arise through a similar mechanism. 

Screening of NBCCS/GS patients has revealed that 
PTC mutations are dispersed throughout the entire cod- 
ing sequence of the gene without any apparent hot spots. 
Likewise, no correlation has been found between the 
symptoms of the syndrome and the location of mutations 
within the PTC gene. Although most mutations result in 
truncations of the PTC protein, NBCCS/GS patients 
show extensive inter- as well as intrafamilial variability 



of the phenotype [38, 39]. Specifically, patients with the 
same molecular lesion in the PTC gene can exhibit very 
different symptoms of the syndrome [39], thus suggest- 
ing that the NBCCS/GS phenotype is modified by fac- 
tors different from PTC. Possible candidates include al- 
leles of other genes as well as epigentic and environmen- 
tal factors [38, 39, 40]. 



Holoprosencephaly 

Loss of function mutations of SHH ha.vc been found in a 
fraction of familial cases of holoprosencephaly (HPE) 
[41, 42]. HPE is a frequent human developmental defect 
of the anterior neural tube with a prevalence of 1:250 
during embryogenesis and 1:16000 in newborn infants 
[43]. HPE is caused by the incomplete development and 
septation of midline structures. The phenotypic manifes- 
tations range from mild hypotelorism through alobar 
HPE to cyclopia. These developmental defects can be 
considered "inverse" of midline abnormalities observed 
in patients with NBCCS/GS. This is consistent with the 
interpretation that PTC is a negative regulator of SHH 
signaling. 



Sporadic tumors with mutations in PTC 

Mutations of PTC have been identified in sporadic cases 
of tumors associated with NBCCS/GS. Thus PTC is in 
line with Knudson's [44] hypothesis that tumors in in- 
herited cancer predisposition syndromes have mutations 
of the. same genes as sporadic cases of these tumors [45]. 
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♦ 



cell membrane 
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Fig. 1 Composition and activation of the SHH/PTC/SMO signal- 
ing pathway. Left In the absence of the ligand SHH, PTC blocks 
the activity of SMO; right activation of the pathway can be trig- 
gered by binding of SHH to PTC, by activating SHH or SMO mu- 
tations or by loss of function PTC mutations. Among the three 
proteins, mutations of PTC (empty arrow) are the most frequent 
cause of tumorigenesis 

BCCs are the most common sporadic tumors in humans, 
with more than 750,000 cases per year alone in the Unit- 
ed States [46]. BCCs are semimalignant, and they rarely 
metastasize, but they can lead to extensive morbidity due 
to local tissue destruction [47]. LOH at the PTC locus 
has been found in more than 50% of BCCs [48, 49, 50, 
51] whereas inactivating mutations of the remaining al- 
lele (or both alleles) have been detected in 30% of these 
tumors [52], Considering the technical limitations of the 
detection techniques used in these studies, loss of both 
functional alleles of PTC could be responsible for at 
least 30% of sporadic BCCs [53, 54]. 

The list of sporadic tumors with mutations in PTC has 
grown during the past 2 years beyond BCCs and present- 
ly includes primitive neuroectodermal tumors (PNETs) 
of the central nervous system such as medulloblastoma 
[55, 56], meningioma [53], esophageal squamous cell 
carcinoma [57], and trichoepithelioma [58]. Inactivating 
mutations of one PTC allele have been found in more 
than 10% of sporadic medulloblastoma [53, 59]. Medul- 
loblastoma is a very malignant primitive neuroectoder- 



♦ 




nucleus Patched 

Other Targets, 



mal tumor of the cerebellum and accounts for one-quar- 
ter of all intracranial tumors in children [60]. Since the 
presence of point mutations is strongly correlated with 
the LOH at the PTC locus in medulloblastoma biopsies 
[53, 56, 59, 61], loss of both copies of the gene appears 
to be necessary for the development of this type of tu- 
mor. Interestingly, a recent first report describes muta- 
tions of PTC in two of seven breast cancers examined 
[53]. Should the involvement of PTC in the development 
of breast cancer be confirmed in a more representative 
study, this gene would acquire yet another level of socio- 
medical importance. It is important to note that at pres- 
ent the true extent and the spectrum of tumors with mu- 
tations in PTC is far from established, due to the small 
number of tumors examined in most studies and to the 
limitations of methods used for mutation detection. Fur- 
thermore, a fraction of these tumors could be caused by 
mutations in one of the two recently discovered PTC ho- 
mologs. Mammalian genomes harbor a second PTC 
gene, PTC2 [62, 63], and the encoded protein is capable 
of both SHH binding and formation of a complex with 
SMO [63]. This suggests functional similarities between 
the human PTC proteins on the cellular level, although 
their expression patterns suggest that they have partly 
different target tissues [64]. PTC2 is upregulated in both 
familial and sporadic BCCs with mutations in PTC^ sug- 
gesting a negative regulation of PTC2 by PTC [65]. A 
first report suggests that PTC2 mutations play no major 
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role in the etiology of BCCs and medulloblastoma [66]. 
Another candidate for mutation screen is TRC8 which 
exhibits significant similarity to PTC and has been im- 
plicated in renal cell carcinoma [67]. 

Since PTC acts as a negative regulator of the 
SHH/PTC/SMO signaling pathway, loss of function mu- 
tations in PTC would be expected to result in a constitu- 
tive activation of its downstream genes (Fig. 1). Indeed, 
PTC transcription is upregulated in tumors associated 
with inactivating mutations of this gene [52, 68, 69, 70, 
71]. Overexpression of GLIl has been demonstrated in 
all sporadic human BCCs examined [72] as well as in 
medulloblastoma and RMS in PTC mutant mice [70, 71]. 
GLIl was originally cloned from a glioma cell line [73] 
and has subsequently been shown to have oncogenic po- 
tential [72, 74]. Altogether, these results suggest that 
overexpression of GLIl is a common denominator for tu- 
mors with mutations in the SHH/PTC/SMO signaling 
pathway. If this hypothesis is correct, GUI would be- 
come an attractive target for therapeutic interventions of 
several common tumors such as BCCs, medulloblasto- 
ma, and RMS. 



Sporadic tumors with mutations in SHH and SMO 

Within the SHH/PTC/SMO pathway, tumor formation 
can be also caused by mutations in SHH or SMO, A mis- 
sense mutation His 133 Tyr of SHH has been found in 
sporadic cases of BCC, medulloblastoma, and breast car- 
cinoma [75]. The authors of the study predicted that 
SHH may be a dominant oncogene in several common 
tumors. Experimental constitutive overexpression of 
SHH in human skin leads to the abnormal histological 
features characteristic of BCCs [76], Interestingly, a re- 
cent work describes the expression of SHH in the squa- 
mous carcinoma of the lung but not in the normal lung 
tissue of the same patient [77]. 

Single-strand conformation polymorphism and se- 
quencing analysis of SMO in DNA samples from 47 
BCCs has identified one Arg562Gln and two Trp535Leu 
missense mutations [78]. Overexpression of either of 
these mutations together with the adenovirus El A results 
in the transformation of rat embryonic fibroblasts, 
whereas overexpression of wild-type SMO with EIA 
does not. The transformed cells overexpress GUT In the 
murine skin these mutations result in the formation of 
BCCs [78]. These findings, together with a recent report 
of a missense SMO mutation in a human medulloblasto- 
ma [54], support the hypothesis that, similarly to SHH^ 
SMO is a proto-oncogene. 

Altogether, the SHH/PTC/SMO signaling pathway 
consists of a tumor suppressor (PTC) and of at least two 
proto-oncogenes {SHH, SMO), A tumorigenic activation 
of the pathway appears to be possible for any of its 
known signaling components. 



Animal models with genetic alterations in the 
SHH/PTC/SMO signaling pathway 

Recently, mouse strains with mutations in the compo- 
nents of the SHH/PTC/SMO pathway have been estab- 
lished to investigate the molecular function of these 
genes. Loss of function mutations of PTC or SHH reca- 
pitulate in the mouse many symptoms of the respective 
human phenotypes. 

Heterozygous PTC knockout mice display the typical 
symptoms of the NBCCS/GS including skeletal abnor- 
malities, neural tube closure defects, a generalized over- 
growth, and a predisposition to tumor formation [70, 71]. 
A fraction of heterozygous animals die before weaning, 
some of them due to the closure defect of the anterior 
neural tube known as exencephaly [71]. Interestingly, the 
phenotype of PTC heterozygous mice is dependent on 
the genetic background. For example, PTC heterozygous 
embryos are more likely to die prenatally on an inbred 
background than on an outbred background [71]. Thus 
PTC signaling probably undergoes modification by 
mouse strain-specific alleles of other genes. In addition, 
the marked lethality of PTC heterozygotes during em- 
bryogenesis indicates that, by analogy, the surviving hu- 
man PTC heterozygotes may represent only milder cases 
of NBCCS/GS whereas the more severely affected indi- 
viduals may die in utero. 

Homozygous PTC mutants die in utero during early 
organogenesis. At E9.0, most of the homozygous mu- 
tants are dead. The intermediate cause of the lethality 
could be a defect in heart development [70], Other ab- 
normalities in these embryos include an overgrowth of 
the neural folds, and a failure of the neural tube to close. 
These observations indicate that abnormal PTC signaling 
could be responsible for a fi*action of neural tube closure 
defects which are a fi-equent developmental defect in hu- 
mans. 

The developmental defects of the midline in PTC ho- 
mozygotes are "inverse" of those caused by loss of fianc- 
tion mutations of SHH Mice deficient in SHH display an 
overall reduction in size of the brain and spinal cord 
[79]. The abnormalities of midline structures such as 
fiised cephalic folds and a single fused optic vesicle (cy- 
clopia) resemble the spectrum of human congenital mal- 
formations observed in HPE. Whereas all cells of the 
neural tube in PTC homozygous mutant embryos adopt 
characteristics of the floorplate, which is the most ven- 
tral part of the neural tube, [70], ventral cell types in 
SHH mutants are absent [79]. These findings are consis- 
tent with the hypothesis that PTC acts as a negative reg- 
ulator of SHH. 

Similarly to what is observed in humans, mutations in 
the genes constituting the SHH/PTC/SMO pathway in 
the mouse result in increased tumorigenesis. Up to 30% 
heterozygous PTC mice develop medulloblastoma [70, 
71]. This is consistent with studies in humans, in which 
PTC mutations predispose to medulloblastoma in NBC- 
CS/GS patients and are found in 10% of sporadic medul- 
loblastoma [53, 59]. 
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Fig. 2 Low-frequency tumors in PTC heterozygous mice. A RMS 
of the tongue. xlO B Cystadenoma of the Harderian gland. x40 C 
Invasive adenocarcinoma of the jejunum. xlO D Endometrial stro- 
mal sarcoma of the uterus. x5 E,F Leg tumor resembling human 
PNETs. E x2,5. F x40. Arrows tumor masses. Insets x40 




RMS is the other major tumor type in the heterozy- 
gous PTC mice [71]. Sporadic RMS is considered one of 
the rarest tumors in laboratory rodents, with the frequen- 
cy for the BALB/cJ strain estimated to be 2.4/100,000 
mice [80]. In contrast, RMSs are observed in 10% of 
PTC heterozygotes maintained on a CDl background. 
The frequency of RMSs is modified by genetic back- 
ground-specific alleles of other genes, since on a 
C57BL/6 background these tumors arise only in 2% of 
PTC heterozygotes. RMSs develop in young animals, 
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usually during the first 4 months of life. Previously, a 
high incidence of RMSs was reported in mice transgenic 
for the P-globin locus control region fused with simian 
virus 40 large T antigen gene [81]. At present it is un- 
known whether PTC is mutated in human RMSs. How- 
ever, the high frequency of RMSs in murine PTC mu- 
tants makes a screen of human RMSs for mutations in 
this and in other components of the pathway worth un- 
dertaking. 

We have now analyzed more than 1000 heterozygous 
PTC mice. We found that PTC heterozygotes not only 
develop RMSs and meduUoblastoma but also appear to 
be predisposed to microphthalmia, hemangioma, glomer- 
ulonephropathy, RMS of the tongue, cystadenoma of the 
Harderian gland, intestinal carcinoma, endometrial stro- 
mal sarcoma of the uterus, and primitive malignant neo- 
plasms which resemble human PNETs. Examples of 
these novel pathological features and tumors in heterozy- 
gous PTC knockout mice are shown in Fig. 2. These 
pathological features are never observed in their wild- 
type littermates. The possible involvement of the PTC 
signaling pathway in the pathogenesis of these disorders 
in humans awaits further studies. 

Thus far no BCCs have been reported in murine PTC 
heterozygotes. On the other hand, skin abnormalities 
similar to human BCCs have been described following 
the overexpression of SHH and mutant SMO in the mu- 
rine skin [75, 78]. Altogether, PTC and SHH mutant 
mice are useful tools to investigate the role of 
SHH/PTC/SMO signaling in the pathogenesis of human 
developmental defects and tumors. 



What is the physiological function of PTC pathway? 

Many aspects of PTC signaling remain unknown. We un- 
derstand very little about the physical interaction of PTC 
with SHH or SMO, and the absence of HH and SMO or- 
thologs in C. elegans suggests that PTC has additional 
roles that are independent of these signaling partners. We 
also know very little about downstream signaling events 
or cellular responses to PTC activation. 

Below we discuss two aspects PTC function that are 
currently under investigation: (a) Is PTC function regu- 
lated by cholesterol homeostasis, or is PTC involved in 
regulating cholesterol homeostasis? (b) Is PTC involved 
in the regulation of genomic stability and regulation of 
imprinting? 



Cholesterol 

With the exception of binding of SHH and inhibition of 
SMO, the biochemical functions of the PTC protein are 
unknown. PTC is most likely a plasma membrane pro- 
tein with 12 putative transmembrane domains. Thus the 
topology of PTC resembles that of the ABC transporters, 
although it lacks the ATP-binding cassette that is charac- 
teristic of this protein family [82, 83]. Furthermore, PTC 



protein sequence suggests a relationship to a suprafamily 
of genes involved in cholesterol homeostasis [84]. In ad- 
dition to PTC, this family includes the 3-hydroxy-3- 
methylglutaryl coenzyme A reductase and the gene mu- 
tated in patients with Niemann-Pick type C disease [84, 
85]. A common feature of these proteins is the presence 
of a sterol-sensing domain. In the PTC protein this do- 
main possibly mediates the binding of the PTC ligand, 
SHH. Indeed, the active, truncated form of SHH, desig- 
nated N-SHH, is covalently coupled to cholesterol. The 
presence of a cholesterol moiety is indispensable for the 
spatially restricted tissue localization of the N-SHH sig- 
nal [86]. Fetal exposure to inhibitors of cholesterol bio- 
synthesis causes developmental defects [87] identical to 
those described in murine SHH mutants [79] and in HPE 
[43]. All these observations led to a model in which cho- 
lesterol inhibitors interfere with the addition of the cho- 
lesterol moiety to SHH [86]. However, a recent work 
shows that inhibitors of cholesterol biosynthesis have no 
effect on the cholesterol modification of SHH but rather 
perturb the responsiveness of the PTC-expressing tissues 
to SHH [88]. These new observations have led to the hy- 
pothesis that abnormal signaling of the pathway result in 
perturbations of cholesterol in SHH target tissues, and 
that PTC is a regulator of cholesterol homeostasis [88]. 
If this is true, SHH-responsive tissues in PTC mutants 
would be expected to contain abnormal levels of choles- 
terol or of its precursors or metabolites. The experimen- 
tal verification of this hypothesis will be facilitated by 
the availability of murine SHH and PTC mutants. 



Imprinting and genomic stability 

Several lines of evidence suggest that PTC is involved in 
the regulation of genomic stability and imprinting. For 
example, there is an interaction between PTC signaling 
and activity of the imprinted, tumor growth-promoting 
insulin-like growth factor 2 (IGF2). 1GF2 is consistently 
overexpressed in RMS in PTC mutant mice [71]. It is not 
known how loss of PTC function activates IGF2, but 
there are striking similarities in phenotypes. 

Overexpression of IGF2, due to loss of imprinting of 
the IGF2 gene, has been implicated in the Beckwith- 
Wiedemann syndrome which is characterized by a gener- 
alized overgrowth and by a predisposition to childhood 
tumors such as Wilms tumor and RMS [89]. Overexpres- 
sion of IGF2 in the mouse leads to a variety of skeletal 
abnormalities [89]. Significantly, similar symptoms are 
caused by the demethylating agent 5-aza-deoxycytidine 
when administrated during embryogenesis [90], which is 
consistent with the postulated role of methylation in the 
maintenance of imprinting. Abnormal DNA methylation 
also leads to elevated mutation rates, suggesting that de- 
fects in DNA methylation contribute to genomic instabil- 
ity [91]. The phenotypical similarities of NBCCS/GS, 
due to the loss of PTC function, with Beckwith- Wiede- 
mann syndrome and the teratogenic effects of demethy- 
lating agents suggest the interesting possibility that loss 
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of PTC leads to abnormal methylation, which in turn re- 
sults in loss of imprinting of 7GF2, genomic instability, 
and tumorigenesis. This hypothesis is consistent with the 
recent finding that cell lines isolated from patients with 
NBCCS/GS display increased genomic instability [92]. 

Further evidence of a potential role of PTC in the reg- 
ulation of genomic stability has been provided by analy- 
sis of the effects of ionizing radiation (IR). Indeed, the 
developmental defects in human and murine PTC hetero- 
zygotes exhibit striking similarities to those described in 
mouse embryos exposed to IR. Embryos irradiated dur- 
ing organogenesis develop defects of the neural tube 
(exen-, micro-, or anencephaly, spina bifida), of the de- 
rived structures (eye defects), and of the limbs and of the 
skeleton [93, 94]. The location of those defects is strong- 
ly correlated with the expression pattern of PTC during 
organogenesis [12, 34]. The sensitivity to IR has been in- 
vestigated for some time in cells isolated from humans 
with NBCCS/GS, but the results are still inconclusive 
[95, 96, 97, 98], perhaps due to the fact that cell lines do 
not always recapitulate the in vivo sensitivity to DNA- 
damaging agents [99]. Recently the effects of IR were 
investigated in murine PTC heterozygotes. The frequen- 
cy of IR-induced developmental defects was 4.1 times 
higher in PTC heterozygotes than in wild-type litter- 
mates at the lowest defect-inducing dose [71]. These da- 
ta suggest that PTC heterozygotes are more sensitive to 
IR, and that, in addition to its role in patterning, PTC is 
involved in cellular responses to IR. An involvement of 
PTC signaling in radiation response would explain the 
characteristic distribution of developmental defects in- 
duced by IR. Indeed, many effects of IR on murine em- 
bryos are too general (growth retardation) or complex 
(neural tube closure defects, Polydactyly) to comply with 
the stochastic model of IR action [93, 94]. In addition to 
developmental defects, hypersensitivity to IR should also 
manifest in increased tumorigenesis. Consistent with this 
notion, human PTC heterozygotes are hypersensitive to 
IR-induced tumorigenesis. Children with NBCCS/GS 
develop multiple BCCs in the irradiated area of the skin 
following radiation therapy for meduUoblastoma [21]. 



Conclusions 

The 2 years of research since the discovery of PTC mu- 
tations in patients with NBCCS/GS have produced a re- 
markable progress in the understanding of the role of the 
gene in a growing list of human disorders. The rapid elu- 
cidation of PTC signaling pathway has relied upon the 
work of developmental biologists on animal models 
ranging from Drosophila mutants to genetically manipu- 
lated mice. The development of therapies for disorders 
with abnormal function of the PTC signaling pathway is 
likely to further benefit from the remarkable conver- 
gence of developmental biology and human genetics. 
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The hedgehog signalling pathway is responsible for the 
embryonic patterning of a range of tissues, and it is now 
known that dysreguiation of this pathway can result in 
the formation of several tumour types. This cascade is 
regulated at the cell surface by the opposing actions of 
the patched and smoothened molecules which together 
form a receptor complex for hedgehog. The discovery 
that inactivation of the human patched gene is 
responsible for familial and sporadic forms of basal cell 
carcinoma firmly established a role for dysreguiation of 
hedgehog signalling in tumorigenesis. Other key mem- 
bers of this pathway have also been shown to be involved 
in tumour formation, as have more distal downstream 
targets of hedgehog signalling. Since it appears that 
tumorigenesis results from constitutive activation of 
hedgehog responsive genes, the identification of novel 
downstream targets of hedgehog signalling in given cell 
types is likely to increase our understanding of the 
molecular processes underlying tumour formation. 

Keywords: patched; hedgehog; basal cell carcinoma 



The hedgehog signalling pathway is one of the most 
fundamental signal transduction pathways in embryo- 
nic development, being responsible for patterning the 
developing neural tube, axial skeleton, limbs, lungs, 
skin, hair and teeth (Bellusci et al, 1997; Hardcastle et 
aL, 1998; Marigo and Tabin, 1996; Riddle et aL, 1993; 
St-Jacques et aL, 1998). Much of what is known of the 
function of this pathway has been derived from studies 
in Drosophila, and many of the key elements have been 
conserved from flies through to humans (Goodrich et 
aL, 1996; Hahn et aL, 1996a). Several of the putative 
downstream targets of hedgehog signalling have been 
implicated in tumorigenesis, and some of these are the 
subject of other review articles in this edition. 
However, it was the discovery that mutation of the 
gene encoding the receptor molecule patched is 
responsible for familial and sporadic forms of basal 
cell carcinoma (BCC) which provided direct evidence 
for involvement of the key regulatory members of this 
signalling pathway in tumour formation (Hahn et ai, 
1996b; Johnson et aL, 1996). Dysreguiation of the 
hedgehog signalling pathway is the major determinant 
of BCC formation, as well as being involved in the 
development of several other tumour types. It appears 
that tumour formation results when mutation of 
regulatory genes leads to constitutive activation of 
downstream hedgehog responsive genes. This article 
will review the role of hedgehog signalUng in 
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tumorigenesis, concentrating on the proteins respon- 
sible for receiving and transmitting the hedgehog signal 
at the cell membrane. In addition, progress towards 
producing mouse models of NBCCS and associated 
tumours will be discussed. 

Hedgehog signalling pathway 

The hedgehog (hh) pathway was originally delineated 
in Drosophila, and its members are encoded by segment 
polarity genes which are responsible for determining 
the anterior-posterior orientation of developing struc- 
tures in the Drosophila embryo and larva (Nusslein- 
Volhard and Wieschaus, 1980; Basler and Struhl, 1994; 
Rodriguez and Basler, 1997). Epistatic relationships 
suggested that, in addition to hedgehog, other members 
of this pathway included patched, the serpentine 
membrane protein smoothened (smo; Alcedo et aL, 
1996; van den Heuvel and Ingham, 1996), the kinesin- 
like protein costal-2 (cos-2; Sisson et aL, 1997), the 
serine/threonine kinase fused (fu; Preat et aL, 1990), 
the novel protein suppressor of fused (Monnier et aL, 
1998), and the zinc finger transcription factor cubitus 
interruptus (ci; Orenic et aL, 1990). Initial studies of 
this signalling pathway focused on the hedgehog 
molecule whose expression defines the development of 
many embryonic and adult structures in both the fly 
and vertebrates. 

Hedgehog and its receptor complex Hedgehog is a 
secreted molecule which undergoes autocatalytic 
cleavage to give an active N-terminal fragment (Lee 
et aL, 1992, 1994; Porter et aL, 1995) which is modified 
by addition of a cholesterol moiety at its C-terminus 
(Porter et aL, 1996). While there is only a single 
Drosophila hedgehog gene, three vertebrate homolo- 
gues have been identified, Sonic (Shh), Desert (Dhh), 
and Indian hedgehog (Ihh) (Echelard et aL, 1993). In 
vitro studies suggest that each of these proteins can act 
through the same signal transduction pathway, and 
that the different hedgehog genes regulate patterning of 
different organ systems by virtue of their unique 
expression pattern (Echelard et aL, 1993; Marigo et 
aL, 1996; Stone et aL, 1996). The most extensively 
studied of the vertebrate hedgehog genes is Shh which 
is expressed widely throughout the developing CNS, 
limb, lung, gut, teeth and hair-follicle (Bellusci et aL,- 
1997; Goodrich et aL, 1996; Hardcastle et aL, 1998; 
Litingtung et aL, 1998; Marigo and Tabin, 1996; 
Riddle et aL, 1993; St-Jacques et aL, 1998). Dhh and 
Ihh are primarily involved in development of the 
germline and skeletal system respectively (Bitgood et 
aL, 1996; Vortkamp et aL, 1996). 

The molecule responsible for acting as a receptor for 
hedgehog at the cell surface was the subject of debate 



for some time. Epistatic studies in Drosophila identified 
smoothened and patched as acting upstream of fused, 
suppressor of fused, costal-2 and cubitus interruptus in 
the signalUng pathway. Both smoothened and patched 
are putative transmembrane proteins, either of which 
could potentially act as the hedgehog receptor. It was 
not until in vitro studies were undertaken using 
vertebrate patched and smoothened proteins that 
patched was shown to bind hedgehog directly and 
hence act as the hedgehog receptor (Stone et al., 1996; 
Marigo et al., 1996). 

Patched encodes a 12-pass transmembrane glycopro- 
tein with two large extracellular domains and a smaller 
intracellular domain. While the protein is similar in 
structure to a channel protein, no transport function 
has been attributed to it despite studies of the possible 
trafficking of Ca + , K + , Na+ and CI- (Marigo et 
al., 1996). Interestingly however, five of the membrane 
spanning domains of patched show homology with 
sterol sensing domains in several proteins involved in 
cholesterol homeostasis (Carstea et al, 1997; Loftus et 
aLy 1997). These include the protein responsible for the 
neurovisceral lipid storage disorder Niemann-Pick C 
disease, HMG-CoA reductase and SREBP cleavage- 
activating protein (SCAP). The role of the sterol 
sensing domain of patched is yet to be determined, 
but it does not appear to be simply involved in 
targeting hedgehog to the appropriate part of the 
adjacent membrane, since a Sonic hedgehog construct 
encoding the N-terminal fragment which is not 
modified by cholesterol is capable of inducing both 
floor plate cells and motor neurons in neural explants 
(Roelink et al., 1995). It has been proposed that the 
response of target tissues to hedgehog is dependent on 
the detection of intracellular sterol levels by the sterol 
sensing domain (Cooper et al, 1998). Recently a 
second patched gene was identified in vertebrates, and 
while it appears to act in a similar manner to patched 
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in vitro, its role in hedgehog signalling remains to be 
elucidated (Carpenter et al, 1998; Motoyama et al, 
1998; Smyth et al, 1999; Takabatake et al, 1997). 

While patched has been shown to directly bind the 
hedgehog ligand, smoothened also has a role in 
reception and transduction of the hedgehog signal. 
This was determined following the finding that 
patched also interacts with smoothened, and that 
hedgehog, smoothened and patched can be immuno- 
precipitated in a single complex (Stone et al, 1996). 
Smoothened, which is structurally similar to the 
family of serpentine G-protein coupled receptors, is 
responsible for triggering intracellular signalling and 
the subsequent activation of target genes. The current 
model for hedgehog signalling suggests that, in the 
absence of hedgehog, patched interacts at the 
membrane with smoothened, rendering it inactive. 
However when hedgehog binds to patched, the 
inhibition of smoothened signalling is released and 
downstream genes are transcriptionally upregulated 
(Figure 1). While it is known that the two large 
extracellular loops of the patched molecule are 
required for binding of hedgehog (Marigo et al, 
1996), the domains of patched which are responsible 
for binding smoothened have yet to be elucidated, 
although these interactions do appear to be modulated 
by the extracellular N-terminus of smoothened 
(Murone et al, 1999). 

While we now have a plausible model for how the 
hedgehog signal is received at the cell surface, we are 
just beginning to identify the complex and diverse 
mechanisms which regulate intracellular components of 
hedgehog signalling. 

From the membrane to the nucleus In Drosophila the 
cubitus interruptus (ci) gene encodes the transcription 
factor primarily responsible for the activation and 
repression of hedgehog target genes (Von Ohlen et al. 




Figure 1 The hedgehog signalUng pathway based on what is known in Drosophila. In the absence of hedgehog (hh), the patched 
protein (ptc) inhibits signalling by smoothened (smo). Upon binding of hedgehog this repression is released leading to dissociation 
of a complex of segment polarity proteins normally associated with the microtubules (Fu-fused, Su(Fu)- suppressor of fused, cos-2- 
costa-2, ci-cubitus interruptus). In vertebrates the role of ci is achieved by complex interactions involving three Gli genes 
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1997). Mediation of the hedgehog signal by Ci is 
controlled at the post-translational level (Aza-Blanc et 
al., 1997). In cells not exposed to hedgehog signal full- 
length Ci, which forms a complex with costal-2, fused 
and suppressor of fused at the microtubules, is cleaved 
to give a 75 kDa N-terminal fragment which is 
localized in the nucleus and appears to act as a 
transcriptional repressor. This processing of Ci is 
thought to be mediated by the phosphorylation of 
the full-length form of the protein (Chen et ai, 1999). 
In the presence of hedgehog, cleavage of Ci is 
inhibited, the microtubule complex is dissociated and 
activation of target genes results (Figure 1). This 
activation is thought to result from a combination of 
lifting of repression by Ci75 (Aza-Blanc et al,, 1997), 
nuclear import of full-length Ci (Chen et aL, 1999) and 
maturation of full-length Ci into a labile transcrip- 
tional activator (Ohlmeyer and Kalderon, 1998). 
Suppressor of fused opposes the conversion of Ci 
into a transcriptional activator and hence acts as a 
negative regulator of signalling (Ohlmeyer and Kalder- 
on, 1998). 

While not all components of the Drosophila 
microtubule complex have yet been shown to have 
vertebrate homologues, it is likely that a similar 
mechanism is responsible for regulating vertebrate 
signalling. The role of Ci is achieved in vertebrates by 
the three Gli genes (GHl, 2 and 3), with the precise 
role of each of these being the subject of much 
debate. Recent evidence suggests that like ci, Gli 
genes, in particular Gli2 and Gli3, act as bipotential 
transcription factors possessing both activation and 
repression domains (Altaba et ai, 1999; Dai et al., 
1999; Sasaki et ai, 1999). It is proposed that Gli2 
and Gh3 act as the major mediators of hedgehog 
signaUing (Sasaki et al., 1999), and when converted to 
their active forms they activate Glil at the 
transcriptional level (Dai et al,, 1999; Sasaki et al., 
1999), Activation of hedgehog target genes is thought 
to result from the synergistic action of Glil, 2 and 3. 
In an analogous situation to that seen in Drosophila, 
human suppressor of fused has been shown to inhibit 
transcriptional activation by Glil, at least in part by 
sequestering it in the cytoplasm (Kogerman et ai, 
1999). 

Downstream targets of hedgehog signalling In Droso- 
phila, known downstream targets of hedgehog signal- 
ling include wingless (homologous to the vertebrate 
Wnt genes), decapentaplegic (a member of the TGF/? 
superfamily most homologous to the vertebrate bone 
morphogenetic proteins (Bmps)), as well as patched 
itself (reviewed in Ingham, 1998). While it is likely that 
members of these gene families will be activated by 
hedgehog signaling in the vertebrate system, other as 
yet unidentified genes will undoubtedly be regulated by 
this pathway. In addition, the identity of target genes is 
known to be cell type and organ specific. For example, 
the closest vertebrate homologues of decapentaplegic, 
the Bmp2 and Bmp4 genes, while activated by 
hedgehog signalling in the developing limb (Bitgood 
and McMahon, 1995) appear to be unaffected by loss 
of hedgehog in the hair follicle (St-Jacques et al, 1998). 
Other examples include the hepatocyte nuclear factor 
3/? (HNF3jS) which is regulated by hedgehog signalling 
exclusively in the neural tube where its expression in 



the floor plate is induced by Sonic hedgehog from the 
notochord (Roelink et al,, 1995). 

Recently several other genes have been shown to be 
responsive to hedgehog signalling, and while they are 
likely to be involved in the regulation of the pathway, 
their precise role is yet to be determined. The first of 
these, which has been termed hip (for hedgehog 
interacting protein), encodes a membrane glycoprotein 
which binds all three hedgehog proteins with similar 
affinity to patched (Chuang and McMahon, 1999). 
Like patched, Hip is transcriptionally activated by 
hedgehog signalling, and it has also been proposed to 
be a negative regulator of signalling (Chuang and 
McMahon, 1999). Another gene shown to be 
responsive to hedgehog signalling in both the somites 
and limb buds is a member of a novel family of SOCS 
(suppressor of cytokine signalling) box-containing WD- 
proteins and has been termed both WSBl and SWIP-l 
(Hilton et ai, 1998; Vasiliauskas et ai, 1999). This 
gene is one of the earliest markers to respond to sonic 
hedgehog in the limb, but its role in the signalling 
pathway remains unclear (Vasiliauskas et al, 1999), 

It is the regulation and identity of the downstream 
target genes which is likely to determine the role of 
hedgehog signalling in tumorigenesis. In general 
tumorigenesis results from constitutive activation of 
these genes, and it will be essential to determine novel 
hedgehog target genes in specific tissues to more fully 
understand the molecular pathogenesis of the tumours 
associated with dysregulation of hedgehog signalling. 

Hedgehog signalling in disease and tumorigenesis 

Several components of the hedgehog pathway have 
been imphcated in tumorigenesis and in dysmorphol- 
ogy syndromes. Heterozygous mutation of sonic 
hedgehog is responsible for a subset of famihal 
holoprosencephaly, a defect of the forebrain and 
midface (Roessler et ai, 1996). Similarly, Gli3 has 
been implicated in three distinct developmental 
syndromes all of which are characterized by limb 
abnormalities (Kang et al, 1997; Radhakrishna et al, 
1997; Vortkamp et ai, 1991). In terms of tumour 
phenotypes, GUI was first identified by and named for 
its involvement in glioma formation (Kinzler et al, 
1988), and Wntl is known to be involved in murine 
mammary tumorigenesis (Nusse et al, 1990). These 
genes, along with the Smad genes which mediate 
TGF^ signalling and are involved in the formation of 
a range of tumour types, are the subject of other 
reviews in this edition. However, it was the discovery 
that patched is mutated in both familial and sporadic 
forms of basal cell carcinoma which firmly established 
this pathway as a major determinant of human cancer 
and disease. 

Patched and nevoid basal cell carcinoma 
syndrome The human patched gene (PTCH) was 
first implicated in tumorigenesis when it was shown to 
be mutated in the autosomal dominant cancer 
predisposition syndrome nevoid basal cell carcinoma 
syndrome or Gorlin's syndrome (Hahn et al., 1996b; 
Johnson et al., 1996). NBCCS is characterized by a 
predisposition to a range of tumour types, most 
notably basal cell carcinoma, but also meduUoblasto- 
ma, ovarian fibroma, meningioma, fibrosarcoma, 
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rhabdomyosarcoma and cardiac fibroma (Gorlin, 
1995; Shanley et al., 1994). In addition to cancer 
predisposition, NBCCS is also associated with a range 
of developmental abnormalities including skeletal 
defects, dyskeratotic pitting of the hands and feet, 
progressive intracranial calcification, craniofacial 
anomaUes and limb deformities including poly and 
syndactyly (Gorlin, 1995). Many of these anomalies 
can now be correlated with the role of hedgehog 
signalling in patterning diverse structures during 
embryonic development, and it is thought that most 
of these developmental defects are due to haploisuffi- 
ciency of the patched protein (Hahn et aL, 1996b). 
This is supported by the finding that by far the 
majority of PTCH mutations (>80%) in the germhne 
of NBCCS individuals result in truncation of the 
protein and are therefore likely to represent null 
mutations (Wicking et al., 1997). The tumours in 
NBCCS individuals are likely to arise with inactiva- 
tion of the remaining PTCH allele in a given cell type, 
consistent with PTCH acting as a tumour suppressor 
gene. The finding of PTCH mutations in a proportion 
of sporadic BCCs, in many cases with both alleles 
inactivated by either mutation or loss of hetero- 
zygosity (Gailani et aL, 1996), supports this putative 
function. Since the initial discovery of PTCH 
mutations in NBCCS and BCCs, the role of members 
of the patched/hedgehog signaUing pathway in the 
pathogenesis of a range of tumour types has been the 
subject of intensive study. 

Patched and BCCs BCCs are common non-melano- 
cytic skin tumours resulting from loss of growth 
control in keratinocytes. While BCCs rarely metas- 
tasise they are locally invasive and can infiltrate 
underlying dermis and bone if left untreated 
(Weedon, 1991). The site of origin of these tumours 



remains a matter of some contention, although their 
keratin expression profiles and occasional pilosebac- 
eous differentiation suggest that they may arise from 
the hair follicle (Markey et al., 1992), consistent 
with the expression of patched in this structure 
(Figure 2). 

Over-expression of both PTCH (Gailani et aL, 1996; 
Unden et aL, 1997; Woiter et al, 1997) and GUI 
(Dahmane et ai, 1997) has been reported in BCCs, 
indicating dysregulation of hedgehog signalling in a 
high proportion of these tumours. The estimated 
frequency of PTCH mutations in sporadic BCCs 
ranges from 12-38%, although in all cases this may 
represent an underestimate based on the mutation 
detection procedures employed (Aszterbaum et al, 
1998b; Gailani et al., 1996; Unden et al., 1997; Woiter 
et ai, 1997). In addition to mutations in the PTCH 
gene, loss of heterozygosity of markers on the region of 
chromosome 9q encompassing PTCH is observed in 
upwards of 50% of BCCs (Gailani et al, 1992). Like 
NBCCS germline mutations, the majority of PTCH 
mutations in BCCs result in premature protein 
termination (Gailani et al, 1996). In addition, many 
of the mutations detected in sporadic BCCs are C-^T 
substitutions at dipyrimidine sites, indicating a role for 
ultraviolet-B irradiation in their genesis (Gailani et al, 
1996). In the most extensive analysis of PTCH 
mutations in sporadic BCCs to date, it was found 
that seven out of 16 mutations detected were of this 
type, and all tumours with such mutations had been 
removed from sun-exposed sites of the body (Gailani et 
al, 1996). However, there is evidence from epidemio- 
logical data that factors other than sun exposure may 
be involved in BCC induction (Scotto et al, 1996), 
with one such factor being the trivalent form of 
inorganic arsenic (Nakjang and Kullavanijaya, 1994; 
Tay and Seah, 1975; Wong et al, 1998; Yeh, 1973). It 
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Figme 2 Patched is expressed in the developing hair follicle. Whole amount in situ analysis of patched expression in a 15.0 dpc 
mouse embryo (a and b). The probe used has been described previously (Hahn et al., 1996a) 
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has yet to be shown definitively if these other agents 
contribute to BCC formation through mutation of the 
PTCH gene. In addition to sporadic BCCs and those 
associated with NBCCS, PTCH mutations have 
recently been identified in BCCs associated with 
xeroderma pigmentosum (XP), a rare autosomal 
recessive disorder characterized by hyperphotosensitiv- 
ity and predisposition to skin cancer (Bodak et al,, 
1999). Individuals with XP are deficient in the repair of 
UV-induced DNA lesions, and the proportion of BCCs 
with UV-specific mutations was found to be higher in 
those tumours derived from XP patients than in 
sporadic BCCs. 

Smoothened and BCCs Given that constitutive activa- 
tion of smoothened is likely to upregulate transcription 
of hedgehog target genes in the same way as patched 
inactivation, it is not surprising that activating 
mutations in the smoothened gene have been detected 
in 10-20% of sporadic BCCs (Lam et al, 1999; 
Reifenberger et ai, 1998; Xie et aL, 1998). In particular 
one common mutation (Trp535Leu) in the seventh 
transmembrane domain of smoothened has been 
detected in several independent studies in up to 20% 
of BCCs (Lam et al., 1999; Xie et aL, 1998). In contrast 
to wild-type smoothened, the mutant form has been 
shown to result in constitutive smoothened signalling 
in an in vitro focus , forming assay and in transgenic 
mice (Xie et al., 1998). In vitro studies assessing 
activation of a Glil reporter construct have subse- 
quently been used to identify which regions of the 
smoothened protein interact with patched and which 
are involved in signalling (Murone et aL, 1999). 
Consistent with some of the mutations observed in 
BCCs, the third intracellular loop and the seventh 
transmembrane domain were shown to be important in 
activation of signalling. Modelling of the Trp535Leu 
smoothened mutation, as well as a second mutation 
(Arg562Gln) in the C-terminus, leads to constitutive 
signalling of the protein in a manner which is not 
repressed by patched. The interactions of patched and 
smoothened were found to be mediated primarily 
through the cysteine rich N-terminus of smoothened, 
but to date no mutations in this region have been 
found in BCCs (Murone et aL, 1999). 

Since hedgehog itself is primarily responsible for 
activation of this pathway, it is feasible that it also may 
be mutated in associated tumours, a premise supported 
by the finding that transgenic mice overexpressing 
Sonic hedgehog develop BCC-like skin lesions (Oro et 
aL, 1997). Accordingly, a single recurrent mutation in 
Sonic hedgehog was initially reported in a range of 
tumour types including BCC (Oro et aL, 1997), but 
failure of other workers to detect this mutation 
suggests that it is extremely rare (Reifenberger et aL, 
1998; Wicking et aL, 1998). 

Taken together, inactivation of PTCH or oncogenic 
activation of smoothened occurs in a large proportion 
of BCCs, suggesting that dysregulation of hedgehog 
signalling is a requirement for BCC formation. 
Although it has previously been suggested that patched 
is the gatekeeper gene for BCC formation (Sidransky, 
1996), it may be more accurate to regard the entire 
hedgehog signalling pathway as the BCC gatekeeper. 
The term gatekeeper was coined by Kinzler and 
Vogelstein (Kinzler and Vogelstein, 1996) to describe 



genes which must be inactivated or activated to give 
rise to a particular type of tumour. While mutations in 
the p53 tumour suppressor gene have been described in 
50% of BCCs (Zeigler et aL, 1993), these would be 
considered insufficient to cause neoplasia without 
dysregulation of hedgehog signalling. 

Dysregulation of hedgehog signalling in other tumour 
types Mutations in genes of the hedgehog signalling 
pathway have also been described in a range of ' 
tumours other than BCCs. In keeping with the 
predisposition of NBCCS patients to developing the 
childhood brain tumour medulloblastoma, mutations 
of both PTCH and smoothened have been detected in 
sporadic medulloblastomas and other primitive neuro- 
ectodermal tumours (Pietsch et aL, 1997; Raffel et aL, 
1997; Reifenberger et aL, 1998; Vorechovsky et aL, 
1997a; Woher et aL, 1997). NBCCS patients develop 
the desmoplastic histological subtype of medulloblas- 
toma, and while one study reported PTCH mutations 
exclusively in this subtype (Pietsch. et aL, 1997), 
mutations in classic medulloblastomas have also been 
described (Wolter et aL, 1997). In all cases, the 
incidence of mutations in these tumours was signifi- 
cantly less than that observed in BCCs, indicating it is 
Hkely that only a subset of these neoplasias are caused 
by mutations in PTCH or other members of the 
hedgehog signalling pathway. This notion is also 
supported by the frequency of loss of heterozygosity 
of the PTCH locus in medulloblastomas which is 
reduced when compared to BCCs (Pietsch et aL, 1997). 
It is also possible that PTCH2 may play a minor role 
in the pathogenesis of medulloblastoma since a screen 
for mutations in a large collection of medulloblastomas 
revealed a single protein truncating mutation (Smyth et 
aL, 1999). 

Other tumours which carry PTCH mutations include 
the benign skin lesions tricoepitheliomas (TEs), 
esophageal squamous cell carcinomas and transitional 
cell carcinomas of the bladder (Vorechovsky et aL, 
1997b; Maesawa et aL, 1998; McGarvey et aL, 1998). 
In addition, although mutations in PTCH are yet to be 
demonstrated in rhabdomyosarcomas, mice heterozy- 
gous for a null allele of patched develop this soft tissue 
tumour of the muscle at a high frequency (Hahn et aL, 
1998). Since this tumour is also found at an increased 
incidence in NBCCS individuals, it is likely that this 
pathway plays a role in its pathogenesis. 

Mouse models of NBCCS and associated tumours 

The creation of mouse models of human disease by 
gene targeting or transgenic technology provides a 
powerful tool for the functional dissection of the 
disease phenotype. To date a range of mouse models 
have been produced by manipulation of members of 
the hedgehog signalling pathway. This section will 
focus on those animals which represent models for 
NBCCS and tumours associated with dysregulation of 
hedgehog signalling. 

Patched null mutants To date two independent groups 
have generated patched null mice by targeted disrup- 
tion of the patched gene (Goodrich et aL, 1997; Hahn 
et aL, 1998). As would be expected from inactivation of 
such a developmentally important gene, homozygous 
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null animals died during embryogenesis. However, in 
both cases the heterozygous mice showed a subset of 
both the developmental and neoplastic features 
associated with NBCCS. 

The first patched null mutant to be produced 
involved inactivation of patched by replacement of 
part of exon one and the entire exon two by a lacZ/neo 
cassette, an insertion which results in removal of the 
primary start codon and deletion of transmembrane 
domain 1 (Goodrich et ai, 1997), The second was 
generated by the replacement of exons six and seven of 
patched with a neomycin cassette (Hahn et al, 1998). 
In both cases homozygous mice die around 9.0 dpc by 
which stage failure of neural tube closure was evident. 
The heterozgous mice varied in phenotype between the 
two null alleles, though in both cases they displayed 
the generalized overgrowth and limb deformities 
characteristic of NBCCS. 

Heterozygous animals displayed a tumour pheno- 
type at a stage and frequency which would suggest 
that, unlike a classical tumour suppressor gene, 
somatic inactivation of the remaining allele was not 
occurring in all tumours. Heterozygotes for both null 
alleles developed meduUoblastoma like lesions, this 
being seen at a particularly high frequency and young 
age in the ptc^i"'-^'"'^'^ mice (Goodrich et aL, 1997). 
These mice also developed BCC-like skin tumours as 
adults, a feature which was enhanced by exposure to 
UV or cesium irradiation (Aszterbaum et ai, 1998a). 
The Ptc^i"^"^^ animals also developed rhabdomyosar- 
comas (RMS), a soft tissue tumour of the muscle 
which is seen in a small proportion of NBCCS 
patients (Hahn et ai, 1998). The difference in 
phenotype between these null mice is likely to result 
from genetic background differences, since even within 
the same null allele the percentage of mice that 
developed rhabdomyosarcomas varied on different 
mouse backgrounds (Hahn et ai, 1998). Genetic 
background effects are also likely to contribute to 
the wide variation in neural defects seen in transgenic 
mice overexpressing patched in the neural tube 
(Goodrich et a!., 1999). The contribution of genetic 
background to phenotype closely parallels the situa- 
tion in humans where the phenotype of NBCCS 
individuals varies widely despite a predominance of 
truncating mutations which in most cases are 
presumed to be null alleles (Wicking et ai, 1997). 



Overexpression of Sonic hedgehog and smoothened: 
Given the opposing actions of patched compared to 
hedgehog and smoothened at the cell membrane, 
overexpression of hedgehog or smoothened would be 
predicted to result in a similar phenotype to 
inactivation of patched. In an attempt to produce a 
transgenic mouse model of BCC formation, Oro and 
co-workers ectopically expressed full-length Sonic 
hedgehog under the control of the Keratin 14 (K14) 
promoter (Oro et ai, 1997). K14 is expressed as early 
as 9.5 dpc in many epithelial tissues and in skin in both 
follicular and interfollicular cells (Byrne et ai, 1994). 
Although these animals died either peri- or postnatally, 
BCC-like epidermal proliferations were evident, as 
were a number of NBCCS-like features including limb 
anomalies reminiscent of Polydactyly. In a similar 
fashion, a transgenic human tissue model of BCC was 
developed by regeneration of human skin on immune 
deficient mice following retroviral transduction of 
human keratinocytes with Sonic hedgehog (Fan et ai, 
1997). 

It is assumed that the Sonic hedgehog models of 
BCC described above result from constitutive activa- 
tion of smoothened signalling. While overexpression of 
wild type smoothened did not result in a tumour 
phenotype, ectopic expression of an activated smooth- 
ened gene under the control of the Keratin-5 promoter 
resulted in a microscopic skin phenotype consistent 
with BCCs, although no developmental anomalies were 
noted (Xie et ai, 1998). The smoothened gene in this 
case carried the Trp535Leu missense mutation 
observed in up to 20% of BCCs (Lam et ai, 1999; 
Xie et ai, 1998). The absence of developmental 
anomalies in these mice fits with restricted expression 
in the skin of a membrane bound protein, while these 
anomalies in the KH-Shh mice may result from 
diffusion of ectopically expressed Sonic hedgehog. 

The mouse models outhned above provide a 
framework within which to dissect the contribution of 
hedgehog signalling to tumorigenesis at the molecular 
level. Combined with analyses of human tumours and 
in vitro approaches, a model for the role of this 
pathway in tumorigenesis is emerging. However, it is 
the discovery of novel hedgehog responsive target 
genes in given cell types which is likely to provide the 
final link to how dysregulation of hedgehog signaUing 
results in the neoplastic phenotype. 



7849 



References 

Alcedo J, Ayzenzon M, Von Ohlen T, Noll M and Hooper 

JE. (1996). Celi 86, 221-232. 
Altaba AR. (1999). Development, 126, 3205-3216. 
Aszterbaum M, Epstein JH, Oro AE, Goodrich LV, Scott 

MP and Epstein Jr EH. (1998a). Am. J, Hum. Genet., 63, 

A39. 

Aszterbaum M, Rothman A, Johnson RL, Fisher M, Xie J, 

Bonifas JM, Zhang X, Scott MP and Epstein Jr EH. 

(1998b). J. Invest. Dermatol., 110, 885-888. 
Aza-Blanc P, Ramirez- Weber FA, Laget MP, Schwartz C 

and KornbergTB. (1997). Cell, 89, 1043-1053. 
Basler K and Struhl G. (1994). Nature, 368, 208-214. 
Bellusci S, Furuta Y, Rush MG, Henderson R, Winnier G 

and Hogan BL. (1997). Development. 124, 53-63. 



Bitgood MJ and McMahon AP. (1995). Dev. Bioi, 172, 126- 
138. 

Bitgood MJ, Shen L and McMahon AP. (1996). Curr. Bioi. 
6, 298-304. 

Bodak N, Queille S, Avril MF, Bouadjar B, Drougard C, 
Sarasin A and Daya-Grosjean L. (1999). Proc. Nati Acad. 
Set. USA,96,5\\l-5\22. 

Byrne C, Tainsky M and Fuchs E. (1994). Development, 120, 

2369-2383. 

Carpenter D, Stone DM, Brush J, Ryan A, Armanini M, 
Frantz G, Rosenthal A and de Sauvage FJ. (1998). Proc. 
Nati Acad. ScL USA, 95, 13630-13634. 



Hedgehog signalling and cancer 

C Wicking et at 



7850 



Carslea ED, Morris JA, Coleman KG, Loftus SK, Zhang D, 
Cummings C, Gu J, Pavan WJ, Krizman DB, Nagle J, 
Polymeropoulos MH, Sturley SL, loannou YA, Higgins 
ME, Comly M, Cooney A, Brown A, Kaneski CR, 
Blanchettemackie EJ, Dwyer NK, Neufeld EB, Chang 
TY, Liscum L, Strauss JF and Pentchev PG. (1997). 
Science, 111, 228-231. 

Chen C-H, von Kessler DP, Park W, Wang B, Ma Y and 
Beachy PA. (1999). Cell, 98, 305-316. 

Chaung PT and McMahon AP. (1999). Nature. 397, 617- 
621. 

Cooper MK, Porter JA, Young KB and Beachy PA. (1998). 

Science, 280, 1603-1607. 
Dahmane N, Lee J, Robins P, Heller P and Altaba AR. 

(1997). Nature, 389, 876-881. 
Dai P, Akimaru H, Tanaka Y, Maekawa T, Nakafuku M 

and Ishii S. (1999). 7. Biol Chem., 274, 8143-8152. 
Echelard Y, Epstein DJ, St-Jacques B, Shen L, Mohler J, 

McMahon JA and McMahon AP. (1993). Cell. 75, 1417- 

1430. 

Fah H, Oro AE, Scott MP and Khavari PA. (1997). Nat. 

Med.,3y 788-792. 
Gailani M, Stahle-Backdahl M, Leffell D, Glynn M, 

Zaphiropolous P, Pressman C, Unden AB, Dean M, 

Brach DE, Bale AE and Toftgard R. (1996). Nat, Genet., 

14, 78-81. 

Gailani MR, Bale SJ, Leffell DJ, DiGiovanna JJ, Peck GL, 
Poliak S, Drum MA, Passtakia B, McBride OW, Kase R, 
Greene M, Mulvihill JJ and Bale AE. (1992). Cell, 69, 
111-117. 

Goodrich LV, Johnson RJ, Milenkovic L, McMahon JA and 
Scott MP. (1996). Genes Dev., 10, 301-312. 

Goodrich LV, Milenkovic L, Higgins KM and Scott MP. 
(1997). Science, 277, 1109-1113. 

Goodrich LV, Jung D, Higgins KM, Scott MP. (1999). Dev, 
Biol, 211, 323-334. 

Gorlin RJ. (1995). Dermatol Clin,, 13, 113-125. 

Hahn H, Christiansen J, Wicking C, Zaphiropoulos PG, 
Chidambaram A, Gerrard B, Vorechovsky I, Bale AE, 
Toftgard R, Dean M and Wainwright B. (1996a). /. Biol 
Chem., Ill, 12125-12128. 

Hahn H, Wicking C, Zaphiropoulos PG, Gailani MR, 
Shanley S, Chidambaram A, Vorechovsky I, Holmberg 
E, Unden AB, Gillies S, Negus K, Smyth I, Pressman C, 
Leffell DJ, Gerrard B, Goldstein AM, Dean M, Toftgard 
R, Chenevix-Trench G, Wainwright B and Bale AE. 
(1996b). Cell, 85, 841-851. 

Hahn H, Wojnowski L, Zimmer AM, Hall J, Miller G and 
Zimmer A. (1998). Nat. Med., 4, 619-622. 

Hardcastle Z, Mo R, Hui C-C and Sharpe PT. (1998). 
Development, 125, 2803-2811. 

Hilton DJ, Richardson RT, Alexander WS, Viney EM, 
Willson TA, Sprigg NS, Starr R, Nicholson SE, Metcalf D 
and Nicola NA. (1998). Proc. Natl Acad. Sci. USA, 95, 
114-119. 

Ingham PW. (1998). EMBO J., 17, 3505-11. 

Johnson RL, Rothman AI, Xie J, Goodrich LV, Bare JW, 

Bonifas JM, Quinn AG, Myers RM, Cox DR, Epstein Jr 

EH and Scott MP. (1996). Science, 272, 1668-1671. 
Kang S, Graham JM, Oiney AH and Biesecker LG. (1997). 

Nature Genet., 15, 266-268. 
Kinzler KW, Ruppert JM, Bigner SH and Vogelstein B. 

(1988). Nature, 332, 371-374. 
Kinzler KW and Vogelstein B. (1996). Cell, 87, 159-170. 
Kogerman P, Grimm T, Kogerman L, Krause D, Unden AB, 

Sandstedt B, Toftgard R and Zaphiropoulos P. (1999). 

Nat. Cell Biol 1, 312-319. 
Lam CW, Xie J, To KF, Ng HK, Lee KC, Yuen NW, Lim 

PL, Chan LY, Tong SF and McCormick F. (1999). 

Oncogene, 18, 833-836. 
Lee JJ, Ekker SC, von Kessler DP, Porter JA, Sub BI and 

Beachy PA. (1994). Science, 266, 1528-1537. 



Lee JJ, von Kessler DP, Parks S and Beachy PA, (1992). Cell, 
71,33-50. 

Litingung Y, Lei L, Westpha! H and Chiang C. (1998). 

Nature Genet., 20, 58-61. 
Loftus SK, Morris JA, Carstea ED, Gu JZ, Cummings C, 

Brown A, Ellison J, Ohno K, Rosenfeld MA, Tagle DA, 

Pentchev PG and Pavan WJ. (1997). Science. Ill, 232- 

235. 

Maesawa C, Tamura G, Iwaya T, Ogasawara S, Ishida K, 
Sato N, Nishizuka S, Suzuki Y, Ikeda K, Aoki K, Saito K 
and Satodate R. (1998). Genes Chrom. Cancer, 21, 276- 
279. 

Marigo V, Davey RA, Zuo Y, Cunningham JM and Tabin 

CJ. (1996). Nature, 384, 176-179. 
Marigo V and Tabin CJ. (1996). Proc. Natl Acad. Sci. USA, 

93, 9346-9351. 
Markey AC, Lane EB, Macdonald DM and Leigh IM. 

(1992). Br. J. Dermatol, 126, 154-160. 
McGarvey TW, Maruta Y, Tomaszewski JE, Linnenbach AJ 

and Malkowicz SB. (1998). Oncogene, 17, 1167-1172. 
Monnier V, Dussillol F, Alves G, Lamour-Isnard C and 

Plessis A. (1998). Curr. Biol, 8, 583-586. 
Motoyama J, Heng H, Crackower MA, Takabatake T, 

Takeshima K, Tsui LC and Hui C-C. (1998). Mech. Dev.. 

78,81-84. 

Murone M, Rosenthal A and de Sauvage FJ. (1999). Curr. 

Biol, 9, 76-84. 
Nakjang Y and Kullavanijaya P. (1994). J. Dermatol. 21, 

660-663. 

Nusse R, Theunissen H, Wagenaar E, Rijsewijk F, 
Gennissen A, Otte A, Schuuring E and van Ooyen A. 
(1990). Mol Cell Biol. 10, 4170-4179. 

Nusslein-Volhard C and Wieschaus E. (1980). Nature. 2S1, 
795-801. 

Ohlmeyer JTand Kalderon D. (1998). Nature. 396, 749-753. 
Orenic TV, Slusarski DC, Kroll KL and Holmgren RA. 

(1990). Genes Dev., 4, 1053-1067. 
Oro AE, Higgins KM, Hu Z, Bonifas JM, Epstein Jr EH and 

Scott MP. (1997). Science, 276, 817-821. 
Pietsch T, Waha A, Koch A, Kraus J, Albrecht S, Tonn J, 

Sorenson N, Berthold F, Henk B, Wolk HK, von 

Deimling A, Wainwright B, Chenevix-Trench G, Weistler 

OD and Wicking CA. (1997). Cancer Res.. 57, 2085-2088. 
Porter JA, von Kessler DP, Ekker SC, Young KE, Lee JJ, 

Moses K and Beachy PA. (1995). Nature, 374, 363-366. 
Porter JA, Young KE and Beachy PA. (1996). Science. 274, 

255-259- 

Preat T, Therond P, Lamour-Isnard C, Limbourg-Bouchon 

B, Tricoire H, Erk I, Mariol MC and Busson D. (1990). 

Nature, 347, 87-89, 
Radhakrishna U, Wild A, Grzeschik K-H and Antonarakis 

SE. (1997). Nature Genet., 17, 269-271. 
Raffel C, Jenkins RB, Frederick L, Hebrink D, Alderete B, 

Fults DW and James CD. (1997). Cancer Res., 61, 842- 

845. 

Reifenberger J, Wolter M, Weber RG, Megahed M, Ruzicka 
T, Lichter P and Reifenberger G. (1998). Cancer Res.. 58, 
1798-1803. 

Riddle RD, Johnson RL, Laufer E and Tabin C. (1993). Cell, 

75, 1401-1416. 
Rodriguez I and Basler K. (1997). Nature, 389, 614-618. 
Roelink H, Porter JA, Chiang C, Tanabe Y, Chang DT, 

Beachy PA and Jessell TM. (1995). Cell, 81, 445-455. 
Roessler E, Belloni E, Gaudenz K, Jay P, Berta P, Scherer 

SW, Tsui L-C and Muenke M. (1996). Nature Genet,, 14, 

357-360. 

Sasaki H, Nishizaki Y, Hui C-C. Nakafuku M and Kondoh 

H. (1999). Development. 126, 3915-3924. 
Scotto J, Fears T, Kraemer KH and Fraumeni J J. (1996). 

Cancer Epidemiology and Prevention. Schottenfeld D and 

Fraumeni, JF (eds). Oxford University Press: Oxford, pp. 

1313-1330. 



Shanley S, Ratcliffe J, Hockey A, Haan E, Oley C, Ravine D, 
Martin N, Wicking C and Chenevix-Trench G. (1994). 
Am. J. Med. Genet,, 50, 282-290. 

Sidransky D. (1996). Nat. Genet., 14, 7-8. 

Sisson JC, Ho KS, Suyama K and Scott MP. (1997). Cell, 90, 
235-- 245. 

Smyth I, Narang MA, Evans T, Heimann C, Nakamura Y, 
Chenevix-Trench G, Pieisch T, Wicking C and Wain- 
wright BJ. (1999). Hum. Mol. Genet., 8, 291 --297. 

St-Jacques B, Dassule HR, Karavanova I, Botchkarev VA, 
Li J, Danielian PS, McMahon J A, Lewis PM, Pans R and 
McMahon AP. (1998). Curr. Biol., 8, 1058-1068. 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, 
Johnson RL, Scott MP, Pennica D, Goddard A, Philips H, 
Noll M, Hooper JE, de Sauvage D and Rosenthal A. 
(1996). Nature, 384, 129-134. 

Takabatake T, Ogawa M, Takahashi TC, Mizuno M, 
Okamoto M and Takeshima K. (1997). FEES Lett., 410, 
485-489. 

Tay CH and Seah CS. (1975). Med. J. Aust., 2, 424-428. 
Unden AB, Zaphiropoulos PG, Bruce K, Toftgard R and 

Stahle-Backdahl M. (1997). Cancer Res,, 57, 2336-2340. 
van den Heuvel M and Ingham PW. (1996). Nature, 382, 

547-551. 

Vasiliauskas D, Hancock S and Stern CD. (1999). Mech. 

Dev., 82, 79-94. 
Van Ohlen T, Lessing D, Nusse R and Hooper JE. (1997). 

Proc. Natl. Acad. Sci. USA, 94, 2404-2409. 
Vorechovsky I, Tingby O, Hartman M, Stromberg B, Nister 

M, Collins VP and Toftgard R. (1997a). Oncogene, 15, 

361-366. 



Hedgehog signalling and cancer 

C Wicking et at ^ 

7851 

Vorechovsky I, Unden AB, Sandstedt B, Toftgard R and 
Stahl-Backdahl M. (1997b). Cancer Res., 57, 4677-4681. 

Vortkamp A, Gessler M and Grzeschik K-H. (1991). Nature, 
352, 539-540. 

Vortkamp A, Lee K, Lanske B, Segre GV, Kronenberg HM 

and Tabin CJ. (1996). Science. 273, 613-622. 
Weedon D. (1991). Malignant Skin Tumours. Emmett J and 

O'Rourke M (eds). Churchill Livingstone: New York, pp. 

109-127. 

Wicking C, Evans T, Henk B, Hayward N, Simms LA, 
Chenevix-Trench G, Pietsch T and Wainwright B. (1998). 
Oncogene, 16, 1091-1093. 

Wicking C, Shanley S, Smyth I, Gillies S, Negus K, Graham 
S, Suthers G, Haites N, Edwards M, Wainwright B and 
Chenevix-Trench G. (1997). Am. J. Hum Genet., 60, 21- 
26. 

Wolter M, Reifenberger J, Sommer C, Ruzicka T and 
Reifenberger G. (1997). Cancer Res., 57, 2581 -2585. 

Wong SS, Tan KC and Goh CL. (1998). J. Am. Acad. 
Dermatol., 38, 179-185. 

Xie J, Murone M, Luoh S-M, Ryan A, Gu Q, Zhang C, 
Bonifas JM, Lam C-W, Hynes M, Goddard A, Rosenthal 
A, Epstein Jr EH and de Sauvage FJ. (1998). Nature, 391, 
90-92. 

Yeh S. (1973). Hum. Pathol., 4, 469-485. 

Zeigler A, Leffell DJ, Kunala S, Sharma HW, Gailani M, 
Halperin AJ, Baden HP, Shapiro PE, Bale AE and Brash 
DE. (1993). Proc. Natl. Acad. Sci. USA, 90, 4216-4220. 



letters to nature 



30% sucrose/PBS, and 15-M.m sections hybridized at 52 T in 50% formamide 
containing 0.3 M NaCl, 20 mM Tris. pH 7.4, 5 mM EDTA, 10 mM NaH2P04, Ix 
Denhardt*s solution, 10% dextran sulphate, and 0.5 mg ml"' yeast RNA to "S- 
labeUed RNA probes transcribed from linearized plasmid templates and 
hydiolysed in alkali to ~300 nucleotide fragments". After washes in 50% 
formamide and digestion with RNase A, the slides were autoradiographed. 
Immunofluorescence. Primary hippocampal cultures were grown on poly-D- 
lysinc-coated glass coverslips for two weeks, fixed in 4% paraformaldehyde/PBS 
for 20min, rinsed in PBS, blocked in 0.02% saponin, 2% BSA, 1% fish skin 
gelatin/PBS (blocking buffer) for 1 h and incubated for 90 min with anti- 
rVGAT polyclonal rabbit and anti-synaptophysin monoclonal mouse anti- 
bodies diluted 1 : 100 in blocking bufifer, all at room temperature. The cells were 
then washed, incubated in secondary anti-rabbit antibody conjugated to 
fluorescein and anti-mouse antibody conjugated to rhodamine (both Cappel) 
both diluted 1 : 100, washed, the coverslips mounted on class slides, and viewed 
under epifluorescence. 

Membrane preparation. The rat utic-47 homologue cDNA subcloned into the 
plasmid expression vector pcDNA3-Amp (Invitrogen) was introduced into 
PC 12 cells by electroporation'**. The cells were then selected in SOOp-gmP' 
G418 (effective) and the resulting clones examined by immunofluorescence" 
using a rabbit polyclonal antibody (R,R., S.M. 8c R.H.E., manuscript in 
preparation). Using the two cell clones with the highest level of immuno- 
reactivity, membranes were prepared by first resuspending the washed cells in 

0. 3 M sucrose, 10 mM HEPES-KOH, pH 7.4 (SH buffer) containing 0.2 mM 
diisopropylfluorophosphate (DFP), IjigmP' pepstatin, 2|xgmr* aprotinin, 
2 ixg ml"' leupeptin, 1 fjug ml'' E64 and 1.25 mM MgEGTA. The cells were then 
disrupted by homogenization at 4°C through a ball-bearing device at, a 
clearance of lOfim. The nuclear debris was sedimented at 1,000^ for 5 min 
and heavier membranes were eliminated by centrifiigation at 27,000^ for 1 h. 
The remaining light membrane vesicles were sedimented at 65,000^ for 1 h and 
resuspended in SH containing the same protease inhibitors at a final concen- 
tration of ~ 10 p,g protein per yA. 

Transport assay. To initiate the reaction, 10 jjlI of membranes was added to 
200 jil SH buffer containing 4mM MgClj, 4mM KCl, 4mM ATP, 40p,M 
unlabelled GABA and 2 jxCi ^H-GABA (NEN). Incubation was performed at 
29 °C for varying intervals and the reaction was terminated by rapid filtration 
(Supor 200, Gehnan), followed by immediate washing with 6 ml cold 0.15 M 
KCl, Background uptake was determined by incubation at 4 "C for 0 min. The 
bound radioactivity was measured by scintillation counting in 2.5 ml Cytoscint 
(ICN), To determine iC„, unlabelled GABA was added at a range of concen- 
trations and uptake were measured at 30 s. Nigericin and valinomycin dissolved 
in ethanol added to final concentrations of 5 yM and 20 |xM, respectively. 
Transport measurements were performed in duplicate and repeated three or 
more times using at least two different membrane preparations. 
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Sporadic basal cell carcinoma (BCC) is the most common type of 
malignant cancer in fair-skinned adults. Familial BCCs and a 
fraction of sporadic BCCs have lost the function of Patched (Ptc), 
a Sonic hedgehog (Shh) receptor*'^ that acts negatively on this 
signalling pathway. Overexpression of Shh can induce BCCs in 
mice*. Here we show that ectopic expression of the zinc-finger 
transcription factor Glil in the embryonic frog epidermis results 
in the development of tumours that express endogenous GliL We 
also show that Shh and the Gli genes are normally expressed in 
hair follicles, and that himian sporadic BCCs consistently express 
Glil but not Shh or Gli3, Because Glil, but not Gli3, acts as a target 
and mediator of Shh signalling^, our results suggest that expres- 
sion of Glil in basal cells induces BCC formation. Moreover, loss 
of Ptc or overexpression of Shh cannot be the sole causes of Glil 
induction and sporadic BCC formation, as they do not occur 
consistently. Thus any mutations leading to the expression of Glil 
in basal cells are predicted to induce BCC formation. 

GUly which was originally isolated as an amplified gene in a 
glioma^, is a member of a multigene family^'' and can transform 
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fibroblasts in cooperation with adenovirus £1A'^. £ctopic e3q)ression 
of Glil in frog embryos activates Shh target genes, including that 
encoding HNF-3P, both in neural and epidermal non-neural 
ectoderm^'^S showing that epidermal cells can respond to Shh 
signalling. Frog embryos injected with plasmids driving the expres- 
sion of frog GUI developed abnormal growths, or tumours, in 
the otherwise normal, smooth tadpole epidermis (78%, n = 25; 
Fig, la). The tumours were independent of HNF-33 expression, as 
only a fraction contained cells expressing HNF-3P (30%, n = 27). 
Because the plasmid DNA was targeted to the animal-most region of 
the two-cell embryo, only ectodermal derivatives inherit plasmids, 
indicating that the growths of focal epidermal hyperplasia (the 
tumours) observed are caused by expression of Glil in the epider- 
mis. Indeed, detection of epitope-tagged Glil in injected embryos 
showed exclusive expression in the ectoderm^ (not shown). Histo- 
logical sections of 1 -week-old (stage -^45) injected tadpoles 
revealed tumours in the epidermis, sometimes consisting of densely 
packed cells (Fig. If). These cells were clearly distinct from all 
normal tissues (Fig. le) and did not express the cement-gland 
marker XAG- J (ref. 12) (n = 10; not shown). Taken together, these 
results show that transient epidermal expression of Glil leads to 
tumour formation in vivo. 

To determine whether tumours formed from cells inheriting 
injected G//J, embryos were co-injected with frog Glil RNA and 
lacZ RNA as tracer. Injected tadpoles showed prominent tumours of 
the skin (80%, rt = 12) formed from the superposition of epidermal 
cells that inherited G/ii, as these invariably expressed P-galactosi- 
dase (Fig. Ib-d). Labelled epidermal cells located inside the 
tumours were distinct from the underlying lateral-plate mesoderm, 
which was always unlabelled. The uninfected side displayed typical 
smooth embryonic epidermis (Fig. Ic, right) and injection of lacZ 
alone had no effect. Because not all epidermal cells inheriting Glil 
RNA become tumorigenic, there could be a requirement for a 
certain level of Glil to initiate tumour formation. The effects of 
Glil are specific, as injection of plasmids driving the expression 
of human Gli3 (ref 7) had no effect^ (n = 45; not shown). 
Inappropriate expression of GUI therefore leads to tumour forma- 
tion, although it is not clear if this represents epidermal neoplastic 
transformation. 

The finding of mutated Ptc alleles in familial and some sporadic 
BCCs*"^ together with the development of skin tumours in tadpoles 
overexpressing Glil raised the possibihty that GUI could be 
expressed in and underlie the development of sporadic adult basal 
cell cancer. Sections of freshly excised human BCCs were analysed by 
jn situ hybridization. All but one of the samples examined showed 
unambiguous expression of G/fi, although the level of expression 
varied (46 of 47; Table 1, Fig. 2). The variabiUty observed in Glil 
RNA expression could be due to inherent differences in the tumours 
or to differences in the preservation of the excised material. No 
correlation was detected between the level of Glil expression and the 
site or the aggressiveness of the tumour. In contrast to the consistent 
expression of G//i, only 76% (23 of 30; Table 1) of the cases 
displayed unequivocal expression of Gli3 (Fig. 2k), which is often 
coexpressed with Glil (refs 5, 9, 13, 14). Analysis of ten cases of 
squamous ceU carcinoma (SCO) in situ showed Gli gene expression 
to be absent (Table 1, Fig. 2s, t). Control hybridizations with sense 
RNA probes showed no signal (Table 1, Fig. 21). 

Tumour nodules infiltrating the dermis showed the highest levels • 
of Glil expression (Fig. 2a-f, i, j, n), and here it was often 
concentrated in the periphery (F^. 2f, j), where most proliferating 
cells appear to be located^^ In tumorigenic regions, the basal layer 
of the epidermis also displayed high levels of Glil expression 
(Fig. 2c-e). The pattern of expression of Gli3 was distinct from 
that of Glil but was also detected primarily in the periphery of 
tumour nodules (Fig, 2k). Gli gene expression was not detected in 
the interfoUicular epidermis or the dermis in normal regions distal 
from the tumour (Fig. 2q, r), although Glil mRNA was detected in 



histologically normal basal cells immediately surrounding the 
tumour site (Fig. 2a, b, right). Cells of the sebaceous glands, 
dermis and blood vessels were negative. Single cells surrounding 
the main BCC tumour masses were rarely positive for Glil (3 of 47) 
or G//3 expression (1 of 30; Fig. 2j, k), and could represent early 
invading tumour cells that are histologically unrecognizable. Alter- 
natively, these single cells may be non-BCC cells that express Glil in 
response to a secreted tumour-derived factor. 

Expression of GUI was also analysed by immunocytochemistry 
with an affinity- purified anti-human GUI polyclonal antibody^. All 
samples showed specific GUI expression (6 of 6; Table 1; Fig. 2u-w). 
Control antibody labeUing with an anti-HNF-3P polyclonal 
antibody* showed no specific labeUing (Table 1 and data not 
shown). In BCCs, Glil protein was detected in the cytoplasm 
(Fig, 2u, w), consistent with the prevalent cytoplasmic localization 
of frog Glil (ref 5). This is also consistent with an association of Gli 
proteins with the cytoskeleton'^ but contrasts with the nuclear 
localization of GUI in COS cells transfected with the gUoma-derived 
cDNA^ (Fig. 2x) and in a gUoma line showing a 75-fold over- 
expression of GUI (D259MG'^'**) . The glioma cDNA^ thus appears to 
encode a mutated protein that escapes cytoplasmic retention. 

The possibility that Glil could activate components of the Shh 
signal-transduction pathway in sporadic BCCs, including endogen- 
ous human Shh itself'^'*, was suggested by the regulatory loop 




Rgure.l Ectopic expression of Glil in frog embryos leads to the formation of 
epidermal tumours, a, b, Wliole-mount view of tlie flanic of injected tadpoles 
(stages --32-34) showing epidermal tumours (arrows) and cells expressing HNF- 
3p (brown). The embryo in b was co-injected with Gli synthetic RNA and /acZ RNA 
as tracer. p-Gal activity is shown in blue; d. dorsal; v, ventral, c, d, Histological 
cross-sections through the trunk of embryos unilaterally injected with Glil. The 
affected side is blue (arrow, leftinc).d, Detail of a tumour similarto that shown inc 
in which 3-gal activity is detected as small cytoplasmic inclusions. The 
boundaries between the epidermis and the underlying lateral plate mesoderm 
and between this and the endoderm are denoted by broken lines, e, f, Histological 
sections stained with haematoxylin and eosin through the trunk of control (e) and 
Glil -injected (f) stage --45 tadpoles. An epidermal tumour is detected in the flank 
(arrow in f). The inset in f shows an outwardly growing epidermal tumour (arrow); 
e, epidermis; m, muscle; nc. notochord; nt neural tube. Dorsal side is up in all 
cases. In a and b, anterior is to the left. 
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defined in the Shh signalling pathway in which Shh signalling 
triggers a cascade of events leading to the activation of GUI, 
which in turn may activate the transcription of Shh target genes 
including Shh and Ptc. By in situ hybridization, 44% (15 of 34) of 
BCCs were positive for Shhy with expression localized to the tumour 
masses that also expressed GUI (Fig. 2o, Table 1), Analysis of nine 
SCCs in situ showed no Shh expression (Table 1). Sense Shh RNA 
probes showed no specific signal (Table 1). Reverse transcription- 
polymerase chain reaction (RT-PCR) analyses revealed Shh expres- 
sion in two cases of BCC, whereas this was below the level of 
detection in three BCCs and one SCC in situ. All these samples 
showed low levels of Gli3 expression, and all five BCCs, but not the 
SCC, showed elevated levels of GUI and Ptc mRNAs. Expression of 
the ribosomal gene SJ7 was monitored as a control (not shown). 
The lower fi-equency of Shh (17 or 37 cases overall) compared with 
GUI expression (49 of 50 cases overall) in BCCs, together with the 
inability of injected Shh to initiate epidermal tumour formation in 
frog embryos", suggests that Shh is unlikely to be the only cause of 
GUI expression in BCCs, and that Shh may not be regulated solely by 
GUI. In contrast, Ptc was expressed in all BCCs examined^ ( 16 of 16; 
Fig. 2p, Table 1 and not shown), and was coincident with GUI and 



S/ih (Fig. 2m-o), consistent with Ptc being a target of GUI. 

Tadpole tumours induced by GUI could be the equivalent of 
human BCCs. However, morphological analyses, the main criteria 
of dermatopathologists, cannot be applied to the tadpole tumours 
as early tadpoles do not have dermis. Our molecular analysis of 
BCCs provides an alternative test for the BCC-like nature of tadpole 
tiunours, as endogenous GUI is expressed consistently in the human 
tiunours (Table 1, Fig. 2). Injection of human GUI, which we have 
previously shown has a similar activity to frog GUI (ref 5), resulted 
in the formation of epidermal tumours (79%, n = 24), and all 
tumours displayed expression of the endogenous frog GUI gene 
(Fig. 3a-c). Endogenous GUI expression was not detected in non- 
tumorigenic regions of the epidermis in injected embryos or control 
siblings (Fig. 3a). In contrast, only a small fraction (12-23%) of 
embryos injected with GUI mRNA or pDNA showed ectopic Shh 
expression, mostly in the non-tumorigenic epidermis of injected 
tadpoles (3 of 25 for RNA, Fig. 3e; and 7 of 30 for pDNA) and early 
neurulae*\ not observed in controls (Fig. 3d). The low incidence of 
Shh expression and the consistent expression of GUI in tadpole 
epidermal tumours paraUels that found in BCCs and points to their 
having a BCC-Uke nature. 
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Figure 2 Gene expression in basal cell carcinomas and cell lines, a-p, Sections 
of BCC excisions showing the distribution of tumour masses as seen by 
histological staining (a, c, g, I, m). GUI mRNA (b,d,e.f,hJ,nK 6//3 mRNA 
(k), Shh mRNA (o) or Ptc mRNA (p). As a control, absence of label is seen 
after hybridization with a GUI sense probe (I). Matched samples from the 
same specimens are shown in a and b, c and d, g and h, I to I, and m to 
p, e, f, Details of the specimen shown in a-d, respectively, q, r. Sections of 
normal skin distal from tumorigenic regions in a BCC excision showing the 
absence of 6// 7 expression. 8, t, Sections of an excised sample of squamous cell 
carcinoma (SCC)/n situ showing the absence of GUI expression, u-x, Labelling 



of excised BCC sections with affinity-purified anti-human GUI antibodies (u, v. x) 
or with the DNA-binding dye DAPI showing the position of nuclei (blue in w). x. 
Expression of nuclear Glil protein in COS-7 cells transfected with plasmids 
driving the expression of the human glioma GUI cDNA. H&E, haematoxylin and 
eosin stain; bl. basal layer; d, dermis; e, epidermis; gl. granular layer; hi, horny 
layer; p, pallisade in the periphery of the tumour nodule; si, spiny layer; t, tumour. In 
all cases the skin surface is up except In 1-1 in which it is to the left, a-f , case no. 5; 
g. h, case no. 7; l-l, case no.l2: m-p, case no. 61 ; q. r, a normal skin region of case 
no. 18; 8, t, case no. 15; all as listed in Table 1. 
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Table 1 Gene expression in human skin tumours 
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The case number, type of tumour (BCC orSCC/ns/fa)and location of the tumour is given on the left The presence (+) or absence (-) of gene expression is indicated, with strong expression 
indicated by -h-. a section of each excision was also stained with haematoxylin and eostn (H&E) for histological examination and confirmation of the presence of tumour. Case no. 10 was 
ambiguous and was counted as negative iorGlil expression. Abbreviations: as, antlsertse RNA probe; s, sense RNA probe; Ab, antibody; lat, lateral. 



Figure 3 Expression of endogenous GUI and Shh in Glil- 
induced tadpole tumours. Frog tadpoles (stages 34-36} injected 
withhumanG/// plasmids(a-c) or synthetic frog G/// RNA(e),but 
not control embryos (a bottom d), show ectopic expression of 
endogenous GUI (arrows in a top, b, c) or Shh (arrow in e). 
Human and frog GUI do not cross-hybridize /n situ hybridization. 
Glil is normally expressed in several tissues including the neural 
tube but not the early epidermis". Shh is normally expressed in 
the nervous system and head structures including the branchial 
archesl Anterior is to the left and dorsal side is up. Embryos 
were not cleared. 
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InterfoUicular human basal cells and the early tadpole epidermis 
do not normally express GUI genes, and the reason why the 
epidermis is responsive to Shh and Glil is not clear. However, we 
detected expression of GUI and Shh in human hair follicles, and Shh, 
Glily Glil and Gli3 were also expressed in mouse hair foUicles'^'^'*^^ 
during the growing phases with highest expression of Shh and Glil 
in matrix keratinocytes of the bulb (not shown). This indicates that 
normal epidermal development involves the selective activation of 
the Shh signaUing pathway during foUicular formation and provides 
a context for the abihty of embryonic and non-follicular-basal 
epidermal cells to respond to overexpression of GUI. 

GUI has been found to be amplified only in a small number of 
gliomas and other tumours**^**^^. The high incidence of Glil expres- 
sion in BCCs contrasts with the relatively infrequent occurrence of 
other oncogenes, such as mutated ras aUeles^^. Because hair follicles 
normally activate the Shh signalling pathway during growth, BCCs 
could derive from the neoplastic transformation of these cells. 
Indeed, BCCs show traits of follicular differentiation^*', including 
the expression of G/i3. It is possible, however, that BCCs derive from 
non- follicular basal cells which express Glil ectopically. In this case, 
the normal interaction taking place between the dermal papilla and 
the hair bulb could be activated inappropriately in non-follicular 
basal cells, resulting in the activation of the Shh signalling pathway 
and formation of BCCs. We propose that any mutations that 
activate the Shh signalling pathway will lead to ectopic Glil 
expression and BCC formation. In familial BCCs showing loss of 
Ptc function''^, we predict that Glil will be ectopically expressed. 
However, mutations in Ptc cannot account entirely for Glil activa- 
tion. We found that Glil and Ptc are consistently expressed in 
sporadic BCCs, whereas in other studies only a fraction of sporadic 
BCCs showed an altered Ptc allele^*^. Because there may be a 
regulatory loop in the Shh signalling pathway, Glil expression 
would appear to be both a cause and an effect of BCC development. 

Ectopic expression of Shh in basal cells of transgenic mice has 
recently been shown to result in the development of BCC-like 
tumours'*. However, the inability of Shh to induce tumour forma- 
tion in the tadpole epidermis and its inconsistent expression in 
BCCs and tadpole tumours raise the possibility that normally there 
may be restrictions to the induction and action of Shh in epidermis 
similar to those present in the neural plate^\ Such restrictions could 
prevent BCC formation adjacent to follicle cells expressing Shh 
during normal hair growth and after plucking, and the uncontrolled 
spread of BCCs throughout the surrounding tissue when the 
tumours induce Shh. Independent of whether Shh can initiate 
BCC formation, its expression in BCCs suggests a mode of autocrine 
tumour maintenance as secreted Shh from the tumour cells could 
activate its signalling pathway, leading to new expression of Glil. 
Activation of autocrine Shh signaUing could underlie the formation 
of persistent epidermal tumours in embryos that transiently 
expressed Glil through microinjection. However, transcription of 
endogenous Glil but not Shh was always detected in GHl -induced 
tumours and BCCs, suggesting that a Glil regulatory loop operating 
downstream of Shh is functional. 

The recurrence of BCCs at sites adjacent to previous tumours 
could result from the observed ectopic expression of Glil in basal 
cells in a wide region extending beyond the neoplastic sites. This 
raises the possibility that Glil expression in basal cells is an early 
event and could be used as a diagnostic tool. Finally, therapeutic 
agents for BCCs are likely to include inhibitors of the Shh signalling 
pathway and Glil function. □ 



Methods 

Embryos and microinjection. Xenopus laevis embryos were obtained and 
manipulated by standard procedures". Microinjections were performed into 
the animal-most region of one cell at the two-cell stage to bias the distribution 
of the injected plasmids or RNAs to the ectoderm and to have half of the 
embryo as an undisturbed internal control. Plasmid DNA (200 pg) or synthetic 
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RNAs (2 ng) made by in vitro transcription were delivered by microinjection. 
Frog GliU human Glil and Gli3 plasmids were as described'. 
In situ hybridization, immunocytochemtstry, histology and cell lines. Frog 
embryos were processed for in situ hybridization with digoxigenin -labelled 
RNA probes^'. Frog GUI and Shh plasmids to make sense or antisense RNA 
probes were as described^. Frozen cryostat sections of tumour specimens 
excised by the Mohs technique (by P.R.) were processed by in situ hybridization 
with digoxigenin-labelled RNA probes^'. Plasmids with human Glil and GU3 
cDNAs*"' and mouse Shh and Glil -3 cDNAs used to make sense and anti-sense 
RNA probes were as desc^ibed^ The human Shh probes were made from a 
plasmid subclone of a 409-base pair RT-PCR product or from a human 
cDNA". Immunocytochemistry with anti-human Glil affinity-purified poly- 
clonal antibodies^ anti-frog HNF-3P or anti-rat HNF-3p polyclonal 
antibodies" " were performed in whole- mount labelling or in 5-15 fim 
cryostat sections. Nuclei were visualized by staining with the DNA-binding 
dye DAPI after antibody incubations. Histological sections of injected tadpoles 
were obtained by cutting paraplast-embedded samples in a microtome^. These 
sections and one section of each tumour sample were also stained with 
haematoxylin and eosin for histological and pathological examination (by 
P.H.). ^-Galactosidase activity was revealed by the X-gal reaction. COS-7 cells 
were obtained from ATCC and cultured under the specified conditions. 
Transfections were performed with lipofectamine (Gibco-BRL) as specified 
by the manufacturer. Cells were assayed 24-48 h after transfection. 
RNA isolation and RT-PCR. RNA from frozen excisions was extracted by the 
guanidinium isothiocyanate> acid phenol method. cDNA was made with 
random hexamers and BRL Superscript reverse transcriptase. PGR was 
performed at 57 °C for 40 cycles with the following primers to human GUI: 
Glil-U, GAGAGAATGGAGCATCCTCC; and Glil-D, TTCTGGCTCTTCCT 
GTAGCC, yielding a 412-bp product. Human Gli3: GU3-U, GCAGCCACAG 
AATGTCC; and Gli3-D, AGGGATATCCAATCGAGGAATCG, yielding a 293- 
bp product. Human Shh: Shh-U2, GAAGATCTCCAGAAACTCC; and Shh-D, 
TCGTAGTGCAGAGACTCC, yielding a 233-bp product. Mouse Si 7, which 
works well with human cDNA: S17-U» GCTATGTCACGCATCTGATG; and 
S17-D, CCTCAATGATCTCCTGATC, yielding a 137-bp product. Human Ptc: 
Ptc-U, GAATCCAGGCATCACCCACC; and Ptc-D, CCACGTCCTGCAGCTC 
AATG, yielding a 490-bp product. The RT-PCR shh clone used to make RNA 
probes derived from a reaction using Shh-Ul, AGATGTCTGCTGCTAGTCC, 
and Shh-D. Shh RNA probes were also made irom a large human cDNA". 
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In eukaryotic cells, the Golgi apparatus receives newly synthesized 
proteins from the endoplasmic reticulum (ER) and delivers them 
after covalent modification to their destination in the cell. These 
proteins move from the inside (cis) face to the plasma-membrane 
side (trans) of the Golgi, through a stack of cisternae, towards the 
trans-Golgi network (TGN), but very httle is known about how 
proteins are moved through the Golgi compartments. In a model 
known as the maturation model^~^ no special transport process 
was considered necessary, with protein movement along the Golgi 
being achieved by maturation of the cisternae. Alternatively, 
proteins could be transported by vesicles^"^ or membrane 
tubules^'*. Although little is known about membrane-tubule- 
mediated transport^*^, the molecular mechanism for vesicle- 
mediated transport is quite well understood, occurring through 
docking of SNAREs on the vesicle with those on the target 
membrane*^*"'^. We have now identified a protein of relative 
molecular mass 27K which is associated with the Golgi apparatus. 
The cytoplasmic domain of this protein or antibodies raised 
against it quantitatively inhibit transport in vitro from the ER 
to the trart5-Golgi/TGN, acting at a stage between the cis/medial- 
and the tr<i«5-Golgi/TGN, This protein, which behaves like a 
SNARE and has been named GS27 (for Golgi SNARE of 27K), is 
identical to membrin, a protein implicated earlier in ER-to-Golgi 
transport'*. Our results suggest that protein movement from 
medial- to the tra n5-Golgi/TGN depends on SNARE-mediated 
vesicular transport. 

Database searches using a Caenorhabditis elegans protein 
sequence (accession number P41941) that is weakly related to that 



of the yeast protein Boslp, a v-SNARE involved in ER-Golgi 
transport'^ led to the identification of expressed-sequence tags 
(ESTs) encoding the potential human (accession number T88746) 
and mouse (accession numbers AA 165867, W75416 and W30385) 
counterparts. Rat complementary DNAs were isolated by screening 
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Figure 1 A. HA-epitope-tagged GS27/membrin is associated with the Golgi 
apparatus and vesicular structures. HA-GS27 (a and c) and Golgi mannosidase II 
(b and d) were double-labelled in control (a, b) and nocodazole-treated (c, d) cells. 
HA-GS27 was co-localized with mannosidase II in the control and in fragmented 
Golgi. The vesicular structures marked by GS27/membrin were devoid of 
mannosidase II labelling. B, Enrichment of GS27/membrin in the Golgi 
membrane. Proteins of total membranes (TM). microsomal membranes (MM) 
and Golgi-enriched membranes (GM) were analysed by immunoblot analysis 
using antibodies against a2. 6-slalyltransferase (ST) (lanes 1-3) or antibodies 
against GS27/membrin (lanes 4-6). C, Endogenous GS27/membrin is associated 
with the Golgi apparatus and Its vesicular structures. Control (a, b) or nocodazole- 
treated (c, d) cells were double-labelled with antibodies against GS27/membrin 
(a and c) or Golgi mannosidase II (b and d). 
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Basal cell carcinomas In mice 
overexpressing G//2 in skin 



Approximately 1,000,000 epithelial skin 
cancers are diagnosed in the United 
States each year and most are basal cell 
carcinomas (BCCs). The pathogenesis of 
these tumours involves constitutive acti- 
vation of the Sonic hedgehog (Shh) sig- 
nalling pathway (for review, see ref 1). In 
many BCCs this can be attributed to loss- 
of-function mutations of PTCH (refe 2,3), 
which encodes a SHH receptor and antag- 
onist. The specific downstream effector in 
the Shh pathway leading to cancer devel- 
opment is unknown. Here we show that 
transgenic mice overexpressing the tran- 
scription factor GU2 in cutaneous ker- 
atinocytes develop multiple BCCs. These 
results establish Gli2 as a potent oncogene 
in skin and suggest a pivotal role for this 
transcription factor in the development of 
human BCC. 

Given the central function of the tran- 
scription factor Cubitus interruptus in 
the Drosophila melanogaster Hedgehog 
pathway, the homologous vertebrate Gli 
proteins (GUI, Gh2 and Gli3) are likely to 
mediate cellular responses to Shh sig- 
nalling^. GUI expression is tightly corre- 
lated with Shh pathway activity under 



normal and pathologic conditions, and 
ectopically expressed Glil can mimic 
responses to Shh in certain settings^^. 
G/ii -mutant mice are, however, pheno- 
typically normal^, whereas Gli2 mutants 
exhibit developmental defects in several 
organ systems^*^ including skin, which 
contains hypoplastic hair follicles (R.M. 
et aiy unpublished data). Coupled with 
the fsict that Gli3 is not transcriptionally 
active in cultured keratinocytes (data not 
shown), these findings led us to focus 
specifically on the potential role of Gli2 
as an effector of uncontrolled Shh sig- 
nalling in BCCs. 

We overexpressed mouse Gli2 in trans- 
genic mice under the control of the bovine 
K5 promoter, which is active in ker- 
atinocytes of the epidermal basal layer and 
outer root sheath of hair follicles^®. By 
three months of age, three of five founders 
expressing this transgene {K5-Gli2) 
developed multiple skin tumours, which 
were found on ears, tail, trunk and dorsal 
aspects of paws (Fig. 1). Tumours on the 
albino founder exhibited features charac- 
teristic of human BCCs: a smooth and 
shiny surface, translucent or pearly 



appearance and prominent telangiectases. 
Ulceration was seen in several lesions on 
each animal. Many tumours on the agouti 
and black founders resembled human pig- 
mented BCCs. No tumours exhibited 
gross evidence of hyperkeratosis, a com- 
mon feature of squamous cell carcinomas. 
By breeding additional founders we gener- 
ated two K5-Gli2 lines: at present, one has 
produced an offspring with tumours 
indistinguishable from those seen in the 
original founders. 

Tumour histology in G/i2-overexpress- 
ing mice showed similarities to that of 
liuman BCCs (Fig. le,/). lUmours were 
composed of monomorphous cells with 
scant cytoplasm arranged as nests within 
the dermis, pigmented tumours contained 
melanin scattered among tumour cells or 
in the stroma, keratinocytes at the periph- 
ery of some tumour islands were arranged 
in a palisading pattern and necrotic 
regions were seen in the centre of some 
tumours. Mitotic activity was relatively 
low and invasion of tumour cells into 
deeper structures was not seen. Like 
human BCCs (refis 11,12), tumours of 
K5-Gli2 mice expressed keratin K17, Bcl-2 
and K5 (Fig. 1^;); in contrast, Kl and K6 
were not present (Fig. 1/c,/). 

In situ analysis revealed abundant G/ii, 
Gli2 and Ptch mRNA in tumour cells 
of K5-GH2 mice, but not in overlying 
epidermis or age-matched control skin 




Fig. 1 K5^li2 transgenic mice developed multiple BCCs. Gross appearance (a,6,c,d) and histology (e,#) of tumours on K5-G!i2 founders. The tumours con- 
tained masses of monomorphous cells, with scant cytoplasm filling the dermis. Note the brown-black melanin in pigmented tumours (e). Expression of human 
BCC markers in tumours from KS^Iil mice (g-/). Keratin K17. expressed In the outer root sheath of hair follicles and human BCCs, was deteaed in tumours 
from K5-Gli2 mice (g,li). Microscopic tumours occasionally replaced the upper portion of hair follicles (ft). Bcl-2 (i) and keratin KS (/) are expressed in the 
tumours. Differentiation-specific keratin Kl was detected In suprabasal cells of epidermis, but not tumour cells (Jr). Keratin K6 is expressed in squamous cell 
tumours but not BCCs, and was not detected in K5-Gh'2 skin tumours (I). Note the normal expression of K6 In hair follicle (/, arrow). Antibody sources and dilu- 
tions available on request, A full-length mouse G//2 cDNA with amino-terminal FLAG tag was subcloned Into a bovine K5 transgenic cassette. The insert was 
microinjeaed into fertilized (C57BLy6xSJL) F2 eggs and transgenic founders produced using standard procedures. K5-GU2 founders were identified using 
primers for the rabbit p-globin intron. 
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Fig. 2 Upregulation of Shh target genes in skin tumours from K5-GH2 transgenic mice. In situ analysis^ of 
age-matched control slcln (a,6,c) and tumours from K5-Gli2 transgenic mice id,e,f), revealing upregula- 
tion of GUI. GU2 and Ptch in tumour cells. RT-PCR (ref. 16) of RNA isolated from control skin samples (lanes 
1-3) and transgenic tumour samples (lanes 4-8. g,h) (primer sequences and PCR conditions available on 
request) is shown. Amplification using primers to detect mRNA encoding FLAG-tagged Gli2 {FLAG-Gli2) 
confirmed transgene expression in tumour samples. GUI, GU2. Ptch and Ptch2 transcripts are upregulated 
in tumours relative to control skin. There is a low level of endogenous Gli2 expression in control skin. Shh 
expression was not increased in KS-Gli2 transgenic skin tumours (h). Em, RNA from E18.5 mouse skin. 



(Fig. 2a-/); RT-PCR analysis supported 
these findings (Fig. 2g). Gli2 mRNA is also 
deterted in human BCCs by RT-PCR (Q. 
Ding et aU unpublished data). G/i'3 
expression was similar in tumours and 
normal skin of control mice, similar to 
what is observed for human BCCs (ref. 5). 
Shh expression was not detected in 
timiours (Fig. 2h\ suggesting that BCCs 
did not arise indirectiy from Gli2-medi- 
ated induction of Shh. Our findings show 
that overexpression of Gli2 in skin results 
in the activation of multiple Shh target 



genes, a feature of human BCCs. We pro- 
pose that irrespective of the genetic alter- 
ation eliciting uncontroUed Shh signalling 
in human BCCs, GLI2 has a central role in 
the genesis of these tumours. 

Constitutive activation of Shh sig- 
nalling in mouse skin using proximal ele- 
ments of this pathway produces BCC-like 
growths detected during late embryogen- 
esis^3»*^. BCCs arise in adult Ptch^^- mice 
following irradiation*^, but macroscopic 
skin tiunours have not been reported 
in unirradiated animals. Skin-targeted 



overexpression of GHl reportedly does 
not give rise to BCCs (A. Oro, pers. 
conun.). Thus, although GUI is a reliable 
indicator of Shh pathway activity, and 
when ectopically expressed can give rise 
to tiunours in frog skin^, the function of 
GHl in BCC development remains to be 
established. K5-Gli2 transgenic mice 
therefore represent the first practical 
model of spontaneous BCC in adult ani- 
mals and will be useful for studying the 
functional interactions between Shh 
pathway components and evaluating the 
efficacy of therapeutic agents targeting 
this signalling pathway. 
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Basal cell carcinoma is the most prevalent cancer in the western 
world, showing a rapid increase in incidence. Activation of the 
Sonic hedgehog/Patched (PTCH) signaling pathway because of 
PTCH1 inactivation Is a key event in sporadic and familial basal cell 
carcinoma development in humans and is associated with tran- 
scriptional activation of specific target genes, including PTCH1 
itself. These changes are analogous to the situation in Drosophila 
where hedgehog activates the zinc-finger transcription factor 
Cubitus interruptus, leading to increased transcription of target 
genes. In the present study, we show that mice ectopically ex- 
pressing the human Cubitus interruptus homolog GLI-1 in the skin 
develop tumors closely resembling human BCCs as well as other 
hair follicle-derived neoplasias, such as trichoepitheliomas, cylin- 
dromas, and trichoblastomas. Furthermore, examination of the 
tumors revealed wild-type p53 and Ha ras genes. These findings 
firmly establish that increased GLI-1 expression is central and 
probably sufficient for tumor development and suggest that GU- 
I-induced tumor development does not depend on additional p53 
or Ha ras mutations. 

Genetic studies on patients with nevoid basal cell carcinoma 
syndrome (NBCCS), which predisposes affected individuals 
to the development of multiple basal cell carcinomas (BCCs), 
have led to the identification of inactivating mutations in the 
human homolog of the Drosophila gene patched {PTCH I) as the 
defect underlying this syndrome (1, 2). In addition,, a number of 
surveys have provided evidence that mutations in the PTCHJ 
locus is a significant cause of sporadic BCCs as well as other hair 
follicle-derived neoplasias such as trichoepitheliomas (TEs) 
(3-5). The other common genetic alteration in BCCs is a 
mutation in the tumor-suppressor gene p53 (6). 

In biochemical assays, Ptchl has been shown to bind the ligand 
Sonic hedgehog (Shh) (7, 8). Ptchl is a transmembrane protein 
that together with Smoothened (Smoh), a seven-transmembrane 
protein, forms a receptor complex for Shh (9, 10). Ligand 
binding results in derepression of signaling from Smoh and 
subsequently to activation of the transcription factor Gli, the 
mammalian homolog to Drosophila Cubitus interruptus (Ci). 
Three Ci homologs have been identified in mammals, Gli-1, 
Gli-2, and GIi-3, which share a highly conserved zinc-finger 
domain with Ci and are believed to function as the most 
downstream components in the vertebrate Sonic hedgehog- 
Patched signaling pathway (11, 12). The precise roles played by 
the three Gli genes have not yet been fully defined. GLf-l was 
originally isolated as an amplified gene in a glioma and can 
transform primary rat cells in cooperation with adenovirus El A 
(13). Several lines of evidence suggest a role for Gli-1 in 
mediating the Shh signal: first, Gli-1 is expressed in cells that are 
responsive to Shh (14, 15). Second, elevated Gli-1 expression is 
observed in Shh-lreated cells, and third, ectopic expression of 
Gli-1 in the dorsal midbrain and hindbrain mimics the effects of 
ectopically expressed Shh (15, 16). Moreover, increased expres- 
sion of GLI'] is observed in human BCCs (17, 18). 

BCCs cannot be grown in culture and are not induced in 
classical mouse skin tumorigenesis experiments. Ptchl + /- mice 



develop medulloblastomas and rhabdomyosarcomas, and re- 
cently BCC formation has been reported after UV radiation 
(19-21). Moreover, transgenic mice overexpressing Shh or a 
mutated variant of SMOH show epidermal proliferations in late 
embryonic skin that partially resembles BCC (22, 23). To test the 
hypothesis that GLI-1 is the downstream effector that drives 
tumorigenesis, transgenic mice were generated specifically over- 
expressing GLI-1 in the basal layer of epidermis and outer root 
sheet of hair follicles. These mice develop several types of 
spontaneous skin tumors, including BCC, TEs, cylindromas, and 
trichoblastomas. Furthermore, mutation analysis of the p53 and 
Ha ras genes, respectively, did not reveal mutations in their hot 
spot regions, exons 4-8 for/755 and codons 12, 13, and 61 for Ha 
ras, in any of the tumors examined. This suggests a p53- and Ha 
ra5-independent mechanism by which GLI-1 induce these tumors 
in mouse skin. 

Materials and Methods 

Transgenic Mice. A bluescript KS (-) plasmid (p5'BK5II) con- 
taining a 5.2-kb fragment from the bovine keratin 5 (K5) 
promoter, a 0.6-kb fragment containing the rabbit j8-globin 
intron, and a 1.1-kb fragment containing two 3' poly (A) signal 
sequences was obtained from Jose Jorcano (CIEMAT, Madrid). 
A 3.5-kb fragment containing the full-length human GLI-J 
cDNA was amplified from pGLM K12 (24) by using GLI-J 
specific primers (fwd: 5'-GCGCTAGCATGTTCAACTCGAT- 
GACCC-3', rev: 5'-GCTACGTATTAGGCACTAGAGTT. 
GAGGAA-3') containing restriction half sites for SnaBl and 
Nhel, respectively. The amplified product was ligated into the 
SnaBl and Nhel sites of the p5'BK5II vector. The construct was 
verified by sequencing. The transgene was isolated by cutting 
with Notl/Sall. Founder transgenic mice were made by micro- 
injecting the transgene into the pronuclei of fertilized [C57BL/ 
6J X CBA] F2 oocytes and were genotyped by PCR amplification 
of sequences specific for the jS-globin intron and the human 
GLl'l cDNA respectively from tail genomic DNA. All experi- 
ments were performed with mice hemizygous for the transgene, 
and transgenic mice were always directly compared with non- 
transgenic siblings. All transgenic mice were generated within 
the transgenic core facihty at Novum/Huddinge hospital. 

Immunohistochemical Staining. Tissues used for immunohisto- 
chemistry were formalin fixed and paraffin embedded. Before 
being incubated in 1% H2O2 in methanol for 30 min, the paraffin 
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Fig. 1. Generation of transgenic mice, (a) Schematic drawing of the K5 GU-I transgene. The transgene contains the bovine K5 promoter, the rabbit j3-giobin 
intron. the human GLI-I cDNA. and the SV40 poly(A) signal, (b) GLI-1 transgenic founder (founder 2) showing a tumor ulceration and the nodule (arrow) on the 
back, (c) RT-PCR analysis of K5 Gt/-7 and j3-actin mRNA in dorsal skin of the transgenic founders 1 to 3 (1-3). Sizes of the specific PCR products are 553 bp for 
0-actin and 370 bp for K5 GLI-1 . Lane M pBR322-Mspl ladder (New England Biolabs). 



sections were dewaxed, rehydrated, and submerged in 10 mM 
citrate buffer while heated in a 9TC water bath, for 20 min. 
Sections were incubated overnight at +4''C with 1:500 diluted 
rabbit polyclonal antibodies directed against either mouse Kl, 
K5, K6, or loricrin (all from Berkeley Antibody Company, 
Berkeley, CA) or 1:200 diluted goat polyclonal antibodies against 
Gli-1 or Ptch 1 (both from Santa Cruz Biotechnology) or 1:500 
diluted rabbit polyclonal antibodies against phosphohistone H3 
(Upstate Biotechnology, Lake Placid, NY) or 1:200 diluted 
mouse monoclonal antibodies against Bcl-2 (Transduction Lab- 
oratories, Lexington, KY) or 1:700 diluted rabbit polyclonal 
antibodies against wild-type p53 (NovoCastra, Newcastle, U.K.). 
All antibodies were diluted in PBS containing 0.1% BSA. 
Detection was carried out with the Vectastain Elite Kit (Vector 
Laboratories) by using rabbit or goat IgG. Sections were washed 
with PBS before biotinylated secondary antibodies were applied 
for 1 h at room temperature, followed by extensive rinses and 
incubation with avidin-biotin immunoperoxidase. Immunohis- 
tochemical staining was visualized with 3-amino-9-ethylcarba- 
zole (AEC, Vector Laboratories), and counterstaining was per- 
formed with Mayer's hematoxylin. 

RNA Isolation and Reverse Transcription (RT)-PCR. Total cellular 
RNA was isolated from the back skin, containing dermis as well 
as epidermis, of transgenic and wild-type sibling control mice by 
using guanidium thiocyanate-phenol-chloroform extraction as 
described previously (25), RT-PCR was carried out by using the 
Access RT-PCR system kit (Promega), The RT reaction was 
performed at 48°C for 45 min by using 1 /xg of total RNA. The 
following primer pairs were used: S'-TGCTCTTTCTCTCCAG- 
CACCTCGGATC-3' (sense: corresponding to the vector se- 
quence) and 5'-CAGTGCCCGCTTCTTGGTCAA-3' (anti- 
sense: corresponding to the human GLI-I cDNA sequence from 
301-327). These transgene-specific GLI-l primers yielded a 
369-bp PCR product. In the same reaction, j3-actin-specific 
primers giving a 553-bp PCR product were used as an internal 
control. 

Analysis of p53 and Ha ras Mutations. Microdissection of lO-^m- 
thick paraffin sections was performed, and normal cells were 
separated from tumor cells by using a scalpel. Microdissected 
tissue was incubated in digestion buffer (10 mM KCl/1.5 mM 
MgCb/lO mM Tris, pH 9.0/0.5% Tween 20) containing 200 
fjig/ml proteinase K at 55°C for 6 h. All microdissected tissue 
contained >80% tumor cells. Amplification of exons 4-8 of the 
mouse p53 gene or exons 1 and 2 of the mouse Ha ras gene was 
performed as follows: 10 ^\ aliquots of tumor lysate were used 
for PCR amplification in a 20-jLtl reaction volume containing 2 /xl 
10 X reaction buffer without MgCb (Promega); 250 /xM of each 
dNTP; 3.2 pmol of each primer; and 0.5 units Tag polymerase 
(Promega), The primers used for amplification of the murine p53 
or Ha ras exons and the individual MgCh concentrations have 
previously been described (26, 27). Thirty-five cycles of ampli- 



fication were carried out, with denaturation at 94'*C for 1 min, 
annealing at 54 or 58°C (p53, depending on the exon), or 60''C 
(Ha ras) for 2 min, and extension at 72°C for 2 min. PCR 
products were purified by using MicroSpin columns (Amersham 
Pharmacia Biotech) and subjected to sequencing. 

Results 

Spontaneous Tumor Formation in K5 GLI-1 Transgenic Mice. To 

examine the effect of deregulated GLI-1 expression in mamma- 
lian skin, we generated transgenic mice expressing the human 
GLI'I gene under the control of the bovine K5 promoter (Fig. 
la). This K5 promoter fragment has previously been shown to 
direct transgene expression to the basal cell compartment of 
stratified squamous epithelia as well as the outer root sheet of 
hair follicles (28), Three independent K5 GLI-1 transgenic 
founders were generated, all of which developed tumors within 
1-13 wk. In addition to tumor formation, the GLI-1 transgenic 
mice exhibited failure to thrive and died prematurely at 1 to 6 mo 
of age. Founder 1 developed a hyperkeratotic tumor on the back 
within the first week and died at 4 wk of age. Founder 2 showed 
the first signs of tumor development at 4 wk of age and developed 
a 1-cm tumor-ulcer at 10 wk of age, and subsequently tumors 
developed on the back (Fig. lb). The third founder showed the 
weakest phenotype, because 13 wk passed before tumors devel- 
oped on the back. RT-PCR analysis of total RNA from dorsal 
back skin showed K5 GLI-1 mRNA in all three founders, 
demonstrating expression of the transgene in these mice (Fig. 
Ic). A summary of the macroscopically detected tumors on each 
founder is described in Table 1. 

Four Different Types of Adnexal Skin Tumors in GU-1 Overexpressing 
Mice. Histologic examination of the observed nodules on founder 
2 identified two different skin tumors separated by nontumori- 
genic skin. The first nodule showed a large primitive tumor (Fig. 
2a), The peripheral layer of these tumor formations showed 
palisading similar to human BCCs, and the cells had a uniform 
nonanaplastic appearance (Fig. 2 a and b). The dermis was 
completely filled with tumor masses also lined with palisading 
basaloid cells but with large necrotic areas in the center of the 
tumor nests. Inside the same tumor islands, abundant amyloid 



Table 1. Spontaneous skin tumors in K5 GLI-1 mice 





Macroscopically 


Tumor 


Age, 


p53 


Ha-ras 


Founder 


observed tumors 


site 


wk 


status 


status 


1 


Trichoepithelioma (1) 


Back 


1 


wrt 


wt 


2 


Trichoepithelioma (1) 


Back 


4 


wt 


wt 




Trichoepithelioma (1) 


Nose 


8 








BCC(I) 


Back 


10 


wt 


wt 


3 


Trichobtastoma (6) 


Back 


13 


wt 


wt 



Age is in weeks at time of tumor detection. Numbers in parentheses for 
different tumors Indicate the number of each tumor type found, wt. wild type. 
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Fig. 2. Histological features of the K5 GLI-1 transgenic skin, (a) Nodular BCC 
from founder 2 with palisading basaloid cells forming tumor nests (T) and 
retraaion space of stroma from tumor islands (R). (b) Human nodular BCC. (c) 
Superficial BCC from founder 2 with buds and irregular proliferations of 
tumor tissue attached to the undersurface of the epidermis (arrow). (cO 
Human superficial BCC. (e) Cylindroma from founder 2 with tumor islands 
forming a jigsaw puzzle. (/) The periodic acid/Schiff reagent-positive hyalin 
membrane surrounding the cylindroma tumor islands (arrow), (g) TE from 
founder 1 with keratinized centers (arrow) surrounded by basophilic tumor 
ceils, (h) Trichoblastoma from founder 3 illustrating tumor islands consisting 
mostly of germinative cells (arrow). Bar = 1 35 /im (e), 54 fim (a~dand g, h), and 
33/im(/). 

was identified, indicating the presence of phagocytosis and 
apoptosis of tumor cells. Colloid bodies and scattered calcinosis 
were also observed in this tumor. The stroma was arranged in 
parallel bundles around the tumor masses with a retraction zone 
resulting in peritumoral lacuna also seen in human BCCs (Fig. 
2b), Such retraction zones were observed in some but not all 
tumor nests. In addition to the nodular BCC observed on the 
back, several BCCs were found on the nose, including a super- 
ficial BCC showing strong resemblance to its human counterpart 
(Fig. 2 c and d). 

A second type of tumor observed was macroscopically similar 
to the BCC-like tumor described above but showed different 
features under the microscope. This tumor consisted of numer- 
ous tumor islands of epithelial cells appearing like pieces in a 
jigsaw puzzle (Fig. 2e). The thick hyaline sheath that surrounded 
the tumor islands like a cylinder was periodic acid/Schiff reagent 
positive (Fig. 2/). All the above characteristics are typical for a 
cylindroma, and this tumor was consequently classified as a 
cutaneous cylindroma (29). 

A third type of tumor developed on both founder 1 and 2, 
consisting of large well-circumscribed tumors located in the 



dermis reaching down to the muscle layer without direct con- 
nection with the epidermis. The tumors consisted of multiple 
tumor nests of epithelial origin all showing horn cysts in the 
center (Fig. Ig). The centers were fully keratinized and sur- 
rounded by basophilic tumor cells, similar to the hair matrix cells. 
These tumors are very similar to human TE, a benign human skin 
tumor believed to develop from pluripotential epithelial cells in 
the hair follicle (29). 

Six different tumors were examined from founder 3, Histo- 
logically, all six tumors were shown to be benign well- 
circumscribed noduli with a silhouette placed deep in the dermis 
(Fig. 2fi). No connection with epidermis was observed, even 
though the overlying epidermis seemed thickened and hyper- 
plastic. The numerous aggregations consisted mostly of follicular 
germinative cells arranged in a palisade pattern in the periphery. 
No keratinizing cysts were observed. These tumors were classi- 
fied as counterparts to the benign human skin tumor, tricho- 
blastoma (29). 

In summary, four different types of skin tumors were found on 
the K5 GLI-1 mice: BCCs, TE, cylindromas, and trichoblasto- 
mas. The tumors described above were macroscopically de- 
tected; however, more tumors of similar types were detected 
when examining additional (n = 5) skin samples from these mice 
(data not shown). 

Tumors Show Differentiation Marker Expression Similar to Human 
BCCs. Terminal differentiation of keratinocytes involves the 
sequential expression of specific keratins in the basal and spinous 
layers and loricrin, a component of the comified envelope, in the 
granular layer. To determine whether the histologic features 
seen in the K5 GLI-1 mice are accompanied by an altered 
pattern of differentiation marker expression, immunohistologi- 
cal analysis was performed. Staining of K5 GLI-1 BCC with 
antibodies against the basal K5 revealed high expression in the 
tumor, consistent with the pattern seen in human BCC (Fig. 3a) 
(30). Kl, which is expressed only in cells committed to terminal 
differentiation, was found to be abundantly expressed in the 
suprabasal layer of the transgenic skin but not in tumor cells (Fig. 
3b). In addition, loricrin, a major component of the epidermal 
comified envelope, showed normal expression in the transgenic 
stratified epithelia (Fig. 3c). Taken together, these findings 
suggest that the interfollicular epidermal keratinocytes present 
in the K5 GLI-1 transgenic mice differentiate normally. Analysis 
of K6 and histone 3, both associated with hyperproliferation, 
showed abundant expression in tumor cells and in overlaying 
hyperproliferative epidermis but not in histologically normal 
epidermis (Fig. 3 d and e). This observation indicates that, 
whereas tumor cells and reactive epidermal keratinocytes are 
actively proliferating, uninvolved epidermal cells proliferate at 
normal rate. 

Increased Expression of GLi-1 Target Genes in Tumor Cells. Human 
BCCs and TEs consistently overexpress PTCHl and GLM (5, 
17, 18, 31). Furthermore, earlier studies in frogs and mice have 
shown that ectopic expression of GLI-1 causes increased expres- 
sion of endogenous Gli-1 and Ptchl (15, 16, 18). We used 
immunohistochemical analysis to examine the expression of 
these genes in transgenic tumors as well as in wild-type skin. 
Gli-1 was strongly expressed in tumor cells, and expression was 
also observed in adjacent reactive epidermis, although at a lower 
level (Fig. Aa), Even though the antibody used does not distin- 
guish between the human and murine Gli-1, we interpret the 
observed difference in signal as reflecting increased expression 
of the endogenous murine gene because no positive signal was 
observed in histologically normal epidermis. No Gli-1 expression 
could be detected in wild-type skin (Fig. 4b). Consistent with 
the Gli-1 expression, increased expression of murine Ptchl was 
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Fig. 3. Expression of marker proteins in the K5 GU-1 mouse skin, (a) Positive 
Immunoreactivity for K5 both in the epidermis and in the tumor cells. (6) K1 
is expressed in the suprabasal layers of the epidermis but not in the tumor cells, 
(c) The granular layer of the epidermis shows positive immunoreactivity with 
the loricrin antibody, but the closely located tumor cells are negative, (d) 
Strong expression of K6 in the tumor cells and the overlying hyperprolif erative 
epidermis, whereas the histologically normal epidermis (arrow) is negative, (e) 
A strong immunoreactivity with phosphohistone 3 (H3) antibodies is seen in 
the tumor celts (arrows) with a weaker signal in the hyperplastic epidermis. 
Bar = 54 iim (a-e). 



observed in transgenic skin compared with wild type (Fig. 4 c 
and d). 

Human BCCs have demonstrated a marked increase in ex- 
pression of Bcl-2, in contrast to the other common epidermal 
malignancy, squamous cell carcinoma (30). In the BCC from a 
K5 GLl-1 transgenic mouse BcI-2 expression was markedly 
elevated with no detectable expression in wild-type skin (Fig. 4 
e and /), suggesting a potential role in GLI-l-induced BCC 
formation. 

Wild-Type p5i and Ha ras in Transgenic Skin Tumors. The tumor- 
suppressor gene p53 is commonly mutated in most types of 
human epithelial malignancies, including BCCs (6, 32). The level 
of p53 protein is low in normal cells; however, increased 
expression because of stabilization is observed in cells harboring 
a mutated p53. When analyzing a tumor sample from a K5 GLI-1 
mouse for p53 protein expression, a moderately intense dis- 
persed pattern was observed primarily in peripheral cells, sug- 
gestive of a possible involvement of p53 in the formation of this 
tumor (Fig. 4g). Similar results were obtained when analyzing 
additional tumors {n = 3; data not shown). However, direct 
sequencing of p53 exons 4-8 after microdissection of this 
particular BCC did not reveal any mutations (Table 1). More- 
over, when the p53 mutation analysis was extended to involve all 
macroscopically observed tumors (n = 10), no p53 mutation was 
found in any tumor. This finding suggests that GLI-1 can drive 
tumor formation independently of a mutated p53 protein. 

Other genes commonly mutated in nonmelanoma skin cancer 
are members of the ras oncogene family, comprised of the N, Ki, 
and Ha ras genes. Mutations in all three ras genes have been 




Fig. 4. Expression of GLI-1 target genes in K5 GLI-1 transgenic skin and 
tumors {K5 GLM) (a, c, e. and g) and in wild-type skin O/VT) (b, d, and f). High 

expression of Gli-1 is seen in a transgenic BCC and adjacent epidermis (a), but ~ . 

no signal was detected in wild-type skin (b). Ptch1 (c and d) and Bcl-2 (e and u! j 

f) are both overexpressed in transgenic epidermis and tumor cells compared , g < 

withwild-typeskin. However, single cells in the lower parts of the hair follicle g < 

in wild-type skin show positive immunostaining for Ptchi id), {g) Sections of d i 

a BCC showing scattered tumor cells with immunoreactivity for p53 (brown 2 ■ 

precipitate). Bar = 92 /jtm 54 ^im (g). ; g • 



found in BCCs, with Ha ras showing the highest mutation 
frequency (33). In addition, in patients with nonmelanoma skin 
cancer, there is a high incidence of Ha ras loss of heterozygosity 
(36% for patients with BCC) in normal-appearing skin (34). 
These findings suggest a potential involvement of the Ras 
signaling pathway in BCC development. However, examination 
of the transgenic mouse tumors (n = 10) for Ha ras mutations 
revealed no mutations in exons 1 and 2, including the hot spot 
regions codons 12, 13, and 61, suggesting a mechanism whereby 
GLI-1 induce tumor growth independently of a mutated Ha ras 
gene (Table 1). However, we cannot exclude presence of muta- 
tions in other ras genes, and further analysis is ongoing to address 
this issue. 

Discussion 

In the present study, we have shown that inappropriate expres- 
sion of the transcription factor GLI-1 is the probable mechanism 
by which mutations in the SHH-PTCH signaling pathway elicit 
development of skin tumors. Consistent with this, GLI-1 expres- 
sion is up-regulated in most human BCCs as well as in medul- 
loblastomas and rhabdomyosaromas appearing in Ptch"**'" het- 
erozygous mice (17-20). In addition, ectopic expression of GLI-1 
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in murine brain or frog epidermis is associated with enhanced 
proliferation (16, 18). The GLM cDNA used in this study 
corresponds to the tumor-derived GLI-1 gene originally isolated 
by Kinzler et al and is hence possibly mutant (16, 24). However, 
recent functional studies revealed no differences in terms of 
transactivating ability or potential to interact with SUFUH 
(suppressor of fused), a known inhibitor of GLI-1, in comparison 
to GLI-1 cloned from normal tissue (35). Furthermore, the 
sequence alteration occurs in a region of GLI-1 that is highly 
variable between different species, indicating that the two forms 
represent polymorphic variants. 

A surprising and very interesting outcome of our study was the 
development of four different types of skin tumors in K5-GLI-1 
mice, in each instance closely mimicking their human counter- 
parts. In the case of BCCs, presence of palisading basaloid cells 
in the periphery of tumor nests, appearance of retraction spaces, 
lack of keratinizing centers, as well as expression of Bcl-2, 
endogenous Gli-1, and Ptchl, are all characteristics typical of 
human BCCs. Moreover, tumors resembling different histolog- 
ical subtypes like nodular and superficial BCCs were identified. 
In TEs, advanced follicular differentiation including central horn 
cysts and rudimentary hair structures combined with lack of 
retraction spaces were key features. The critical features sup- 
porting classification as cylindroma were the jigsaw puzzle 
arrangement, presence of basaloid cells in the periphery, light- 
staining cells in the tumor centers, and a periodic acid/Schiff 
reagent-positive hyalin sheath surrounding the tumor islands. 
Similarly, the trichoblastomas located in the dermis and pen- 
etrance into the subcutaneous fat layer with absence of kera- 
tinizing cysts were highly similar to the corresponding human 
tumor. Consistent with the human situation, no metastasis was 
observed. Thus, K5-GLI-1 transgenic mice represent a highly 
relevant experimental model of spontaneous BCC and related 
skin cancers having the same pathogenetic background as in 
humans. 

In human BCCs, TEs, trichoblastomas, and cylindromas are all 
classified as adnexal skin tumors with the cell of origin most 
likely residing in the apocrine/follicular unit, a view supported 
by a very similar cytokeratin expression pattern in BCC, TE, 
trichoblastoma, and fetal hair follicles (36). Furthermore, TEs 
and cylindromas often coexist in patients with the tumor pre- 
disposition syndrome hereditary multiple epithelioma (MIM 
132700) (37, 38). TE and BCC occur in the multiple familial TE 
syndrome (MIM 60/606), and trichoblastoma and BCC often 
develop within a congenital malformation called sebaceous 
nevus, in which deletions in the PTCHl gene region were 
recently reported (39-41). A link to constitutive activation of the 
SHH-PTCHl signaling pathway is clear for BCCs and TEs 
displaying both PTCHl mutations and consistent up-regulation 
oi PTCHl mPlNA in familial as well as sporadic tumors (5, 31). 
Our finding that all the above tumor types appear in the 
K5-GLI-1 transgenic mice now suggests that the different pre- 
disposing genetic defects converge on activation of GLI-1 
expression. 

An important question is how overexpression of GLI-1 can 
result in various tumor phenotypes. We favor the hypothesis that 
GLI-1 serves as a dose-dependent cell fate/differentiation de- 
terminant during hair follicle development and cycling. Accord- 
ing to this view, the level of GLI-1 expression underlies the 
cellular phenotype with a low-level driving proliferation, result- 
ing in trichoblastomas and with higher levels in addition, partly 
inducing the hair follicle differentiation program yielding BCCs, 
cylindromas, and TEs. This interpretation is supported by a 
stronger up-regulation of PTCHl expression and by inference, 
GLI-1 expression in human TEs compared with BCCs (5). 

As a consequence, the tumors we observe may be regarded as 
failed attempts to make a hair follicle, a failure because prolif- 
eration and hair follicle cell fate is induced in an adnexal 



progenitor cell within the epithelial compartment without a 
concomitant recruitment of mensenchymal cells to form a 
dermal papilla, which can signal back and promote further 
maturation. Consistent with this interpretation, secretion of Shh 
by the epithelial placode cells is required for proper papilla 
formation (42-44), and epithelial outgrowths stimulated by Shh 
overexpression eventually differentiate into hair follicles (22). 

Tumor development is believed to require a number of genetic 
alterations and is often associated with genetic instability. BCCs 
are unusual in that they are apparently genetically stable and no 
precursor lesion has been identified. In humans, p53 mutations 
occur very frequently in BCCs as well as in patches of morpho- 
logically normal skin, especially in UV-exposed areas (32, 45). 
On the basis of these observations, it has been suggested that p53 
mutations are an early and required event in BCC development. 
Immunohistochemical analysis of p53 expression in K5-GLI-1- 
induced tumors showed scattered p53-positive cells (Fig. 4^) in 
a pattern previously observed in some human BCCs, suggesting 
that p53 mutations may be present also in the murine tumors. 
Surprisingly, direct sequencing of exons 4-8 of p53 in 10 tumors 
failed to reveal any sequence alterations, supporting the con- 
clusion that development of BCCs or other hair follicle- 
associated tumors does not absolutely depend on p53 mutations. 
Consistent with this, there is no reported predisposition for 
development of BCCs in Li-Fraumeni patients harboring germ- 
line p53 mutations or in p53'"^ mice. However, we can at present 
not exclude the presence of mutations in other genes involved in 
the same signaling pathway as p53, such as pll"^'^^ and Mdm2. 

A similar analysis of the Ha ras oncogene also failed to reveal 
any mutations in the transgenic tumors, indicating that GLI-1- 
induced tumor formation does not depend on secondary Ha ras 
mutations. Again, this observation is consistent with earlier 
reports describing development of squamous cell carcinomas but 
not BCCs in mice overexpressing Ha ras in epidermal cells (46). 

If a single oncogenic event, i.e., GLI-1 expression above a 
certain threshold, is sufficient to initiate BCC and TE develop- 
ment, then all precursor cells receiving this signal should develop 
into tumors. In fact, in support of such a view, regions of 
macroscopically normal dorsal skin from founder 1 having the 
highest level of transgenic expression when analyzed histologi- 
cally were found to be filled with tumors in various stages of 
development, leaving only a few normally appearing hair follicles 
(data not shown). Fewer tumors in mice with lower expression 
of the K5-GLI-1 transgene could be explained by not all pre- 
cursor cells achieving a GLI-1 expression level above the thresh- 
old in combination with a slower tumor growth rate. An alter- 
native explanation for a reduced number of tumors could be 
mosaic transgene expression, sparing potential tumor precursor 
cells from the expression of GLI-1. In any event, ectopic GLI-1 
expression is able to initiate frequent tumor formation originat- 
ing from hair follicle structures, and these tumors may or may not 
be associated with secondary genetic hits. 

Finally, the observation that GLI-1 is not or is only to a very 
low level expressed in normal human skin (19) and that there is 
no apparent phenotype in Gli-1 mice make GLI-1 a promising 
therapeutic target (47, 48). The availability of a transgenic mouse 
model for the most common human cancer will make possible 
detailed mechanistic studies of BCC pathogenesis and develop- 
ment of new therapeutic strategies. 
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The developmentally important hedgehog (Hh) pathway is activated by binding of Hh to patched (Ptch1), releasing 
smoothened (Smo) and the downstream transcription factor glioma associated (Gli) from inhibition. The mechanism 
behind Ptchi -dependent Smo inhibition remains unresolved. We now show that by mixing Ptchl-transfected and 
Ptch1 small interfering RNA-transfected cells with Gli reporter cells, PtchI is capable of non-cell autonomous 
repression of Smo. The magnitude of this non-cell autonomous repression of Smo activity was comparable to the 
fusion of Ptchl-transfected cell lines and Gli reporter cell lines, suggesting that it is the predominant mode of action. 
CHOD-PAP analysis of medium conditioned by Ptchl-transfected cells showed an elevated sp-hydroxysteroid content, 
which we hypothesized to mediate the Smo inhibition. Indeed, the inhibition of sp-hydroxysteroid synthesis Impaired 
Ptchi action on Smo, whereas adding the 3p-hydroxysteroid (pro-)vitamln D3 to the medium effectively Inhibited Gli 
activity. Vitamin D3 bound to Smo with high affinity in a cyclopamine-sensitive manner. Treating zebrafish embryos 
with vitamin D3 mimicked the smo~'' phenotype, confirming the inhibitory action in vivo. Hh activates its signalling 
cascade by Inhibiting Ptchi -dependent secretion of the 3p-hydroxysteroid (pro-)vltamin D3. This action not only 
explains the seemingly contradictory cause of Smith-Lemli-Opitz syndrome (SLOS), but also establishes Hh as a unique 
morphogen, because binding of Hh on one cell is capable of activating Hh-dependent signalling cascades on other 
cells. 

Citation: Bijisma MF, Spek CA, Zivkovic D, van de Water S, Rezaee F, et al. (2006) Repression of smoothened by patched-dependent (pro-)vitamin D3 secretion. PLoS Biol 4(8): 
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Introduction 

Signal transduction of the morphogen hedgehog (Hh) is 
highly unusual, with many features unique to this signalling 
system, many of which are only partly understood [1]. For 
instance, Hh signalling is mediated by two membrane 
proteins: patched (Ptchi) and smoothened (Smo). The former 
is a 12-pass transmembrane protein [2,3] resembling the 
Niemann-Pick disease type CI (NPCl) protein (which is 
involved in cholesterol trafficking and has a pump function); 
the latter is a seven-pass transmembrane protein that 
resembles a G protein-coupled receptor [4]. In the absence 
of the inhibitoi7 receptor Ptchi (or in the case of a specific 
mutation rendering Ptchi dysfunctional), Smo is constitu- 
tively active and leads to the activation and nuclear trans- 
location of its downstream transcription factor glioma 
associated (Gli), Under normal physiological circumstances, 
the activation of the signalling pathway is caused by binding 
of Hh to Ptchi, resulting in the internalisation of Ptchi and, 
consequently, the alleviation of the inhibitor)' effect of Ptchi 
on Smo [5,6]. The exact mechanism behind Ptchi inhibition 
of Smo, however, remains unclear [7]. 

Similarities in the phenotypes of humans with inherited 
disorders of sterol biosynthesis (Figure 1 A, lathosterolosis and 
Smith-Lemli-Opitz syndrome [SLOS]) and the phenotypes 
seen with mutations in the Hh signalling pathway have led to 



the suggestion that cholesterol-synthesizing enzymes may 
somehow be involved in Ptchi -dependent Smo inhibition [1]. 
Sterol content has been found to be crucial to a cell's 
responsiveness to Hh, independent of proper Hh sterolation 
[8], suggesting that sterol— or more specifically cholesterol — 
levels are pivotal to a cell's ability to respond to Hh, rather 
than to the accumulation of a specific inhibitor)' metabolite. 
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Figure 1. Cholesterol Synthesis and Possible Modes of Action of Ptchi 

(A) Shown is a schematic representation of cholesterol synthesis. Boxed 
are lathosterol and 7-DHC cholesterol precursors known to accumulate 
in lathosterolosis and SLOS patients, respectively. Mutations in or genetic 
loss of sterol C5-desaturase (Sc5d) cause stacking of lathosterol, whereas 
dysfunction of 7-DHC reductase (Dchr7) or the addition of its synthetic 
inhibitor AY-9944 causes accumulation of 7-DHC. The conversion of 7- 
DHC to vitamin D3 (cholecalciferol) is mediated by UV light. Statins, like 
pravastatin, inhibit HMG-CoA reductase, the enzyme that forms 
mevalonate. 

(B) Shown are three possible models for the inhibitory action of the Hh 
receptor Ptchi on Smo. (1) A cell-autonomous mode of action, in which 
direct binding of Ptchi inhibits Smo. (2) An intracellular inhibitory action, 
mediated by direct binding of Ptchi to Smo. (3) The model in which 
Ptchi pumps an inhibitory small molecule that is capable of Smo- 
repression intercellularly (as well as intracellularly; not shown). 

DOI: 10.1371/journal.pbio.0040232.g001 



Figure IB depicts the proposed possible modes of Ptchi 
action on Smo. Because Ptchi and Smo do not unambigu- 
ously show physical association and because Ptchi can inhibit 
Smo substoichiometrically, direct binding of Ptchi to Smo as 
shown in Figures IB, columns 1 and 2, seems an unlikely 
mechanism of inhibition [9]. Ptchi shares high homology (for 
instance, a sterol-sensing domain) WMth NPCl, a protein 
involved in cholesterol trafficking [10], as well as with various 
(prokar)'otic) pump proteins. Also, several small molecules 
with homology to cholesterol that act as Hh pathway 
antagonists have been identified [11-13]. Cyclopamine, a 
well-known antagonist of Smo, has been widely used for 
assessing the effects of Hh pathway inhibition in several 
model systems (for example, in [14]). Consequently, it has 
been anticipated that in the absence of Hh, Ptchi translocates 
a small molecule resembling cholesterol across the mem- 
brane, acting as a Smo antagonist. This hypothesis is 
summarized in Figure IB, column 3. 

A consequence of the proposed "pump" model for Ptchi is 
that the action of Ptchi should be non-cell autonomous. We 
set out to test this prediction, and w»e established that Hh 



activates its signalling cascade by inhibiting Ptchl-dependent 
secretion of the SP-hydroxysteroid (pro-)vitamin D3. These 
data provide fundamental new insight into the molecular 
mechanisms by which Hh exerts its action in pathophysiolog)'. 

Results 

A Model System for Measuring Ptchi -Dependent Smo 
Inhibition 

An experimental system allowing the study of intercellular 
inhibitoiy actions of Ptchi on Smo should fulfill four 
requirements: (1) cells must be capable of sustaining Ptchi 
expression, (2) expressed Ptchi must be functionally active, 

(3) the inhibition of Gli activity should be Smo-mediated, and 

(4) endogenous Hh should not be a contributing factor. To set 
up a model system for studying Ptchl-dependent inhibition, 
C3H/10T1/2 fibroblasts, which are cells extensively used for 
Hh research, were transfected with an 8X Gli-binding site 
luciferase construct [15] together with Ptchi, Smo, Smo and 
Ptchi, or Glil. 

Overexpression of Ptchi drove cells into apoptosis 
(unpublished data, consistent with [16]), possibly a reflection 
of the function of Ptchi as a so-called dependence receptor. 
To overcome this problem, we performed experiments in the 
presence of 20 \iM caspase inhibitor zVADfmk. Under these 
conditions, transfection with a Ptchi expression constiTict led 
to efficient overexpression of Ptchi as detected by Western 
blot (Figure 2A). Transfection of Ptchi effectively inhibited 
transactivation of the Gli reporter in the presence of 
overexpressed Smo (Figure 2B). The Ptchl-insensitive mutant 
SmoM2 [11,17] w^as not inhibited by Ptchi cotransfection and 
showed a high basal Gli activity. Ptchi transfection in the 
absence of Smo overexpression yielded no inhibition below 
control values, which has been described previously [18]. This 
finding suggests the presence of high basal Ptchi levels and 
indicates the specificity of Ptchi inhibition acting through 
Smo in our system. The inhibitory effect of the high basal 
Ptchi levels could be overcome by the addition of 1 |ig/ml 
recombinant N-terminal Sonic hedgehog (Shh) for 6 h, as can 
be seen from the high reporter activity upon stimulation 
(Figure 2B). Addition of 1 ^g/ml 5E1 Shh-blocking antibody 
[19] could counteract the stimulation by Shh. Because Smo 
and Gli overexpression w^ere capable of increasing trans- 
activation of the Gli reporter despite the presence of a 
caspase inhibitor, our experimental system is a valid readout 
for Smo-mediated Gli activity. 

The requirement for Smo overexpression to respond to 
Ptchi inhibition and the high responsiveness to exogenously 
added Shh suggest that endogenous Hh production is not a 
major factor in our setup, although others have shown mRNA 
for Indian hedgehog (Ihh) and Shh in C3H/10T1/2 cells 
[20,21]. To exclude Hh protein excretion by our C3H/10T1/2 
cells as a contributing factor in our model system, we 
performed Western blot analysis on Shh-spiked medium 
and medium from fibroblast cell culture. The cells did not 
excrete Hh protein (Figure 2C). As can be seen, the detection 
limit was about 5 ng/ml, which was not reached in the (4X 
concentrated) medium, indicating that the Hh concentration 
in the medium was less than 1.25 ng/ml, a concentration too 
low to evoke a response [22]. Reprobing the blot for Ihh did 
not yield a signal for the medium either. 
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Ptch1 Can Inhibit Smo in a Non-Cell Autonomous Fashion 

To assess the ability of Ptchl to act upon Smo on another 
cell, we used a "mix-and-match" approach (as schematically 
shown in Figure 3A), in which two populations of cells are 
mixed. The donor population expresses Ptchl at different 
levels (using an overexpression construct or small interfering 
RNA [siRNA]) that could act on reporter cells with a 
constitutively active Hh pathway (reporter cells: Smo recep- 
tor overexpressed and a Gli-luciferase reporter). We mixed 
reporter cells with vector, Ptchl, Ptchl siRNA and scrambled 
control siRNA transfectants. Cell populations were detached 
by EDTA treatment, mixed, and replated. By using two 
fluorescent tracers for labelling the cell populations, the 
capability of this procedure to obtain a homogenous mixture 
could be assessed. Figure 3A shows that combining two cell 
populations yields evenly mixed cells with intimate cell-cell 
contacts (micrograph). When Gli reporter cells were mixed 
with Ptchl- overexpressing cells in these mix-and-match 
experiments, a significant reduction in Smo-mediated Gli 
activation could be seen compared with control. This 
inhibition could not be diminished by addition of 1 )xg/ml 
5E1 Hh-blocking antibody (Figure 3A), again demonstrating 
that endogenous Hh is not a contributing factor in our 
experimental setup. This is important, specifically because 
the presence of Hh in the medium would increase reporter 
activity. As Ptchl scavenges Hh from the medium, medium of 
Ptchl-overexpressing cells would contain lower Hh levels 
than would control or Ptchl siRNA-transfected cells. The 
reduction in reporter activity as consequence of such 
scavenging would mask the action of a potential inhibitory 
molecule. The addition of 1 \iglm\ recombinant Shh, which 
should inhibit Ptchl present in these experiments, was able to 
abolish the inhibition conferred by Ptchl. Mixing reporter 
cells with Ptchl siRNA-transfected cells increased Smo- 
dependent reporter activity (Figure 3A, blue bars), demon- 
strating that the inhibition is Ptchl dependent and again 
suggests that C3H/10T1/2 cells have a significant basal level of 
Ptchl activity. Showing opposite effects of Ptchl siRNA 
versus DNA excludes any overexpression artefacts from 
responsibility for the observed non-cell autonomous effect. 
To exclude cell -specific artefacts, the procedures were also 
performed with MDA-MB-231 breast tumour cells, which had 
even higher levels of endogenous PTCHl and SMO than the 
C3H/10T1/2 fibroblasts (Western blot, unpublished data). 
Indeed, using these cells yielded similar but more pro- 
nounced effects, as did the C3H/10T1/2 cells (Figure 3A, 
hatched bars). 

To determine the maximal inhibition Ptchl confers in a 
cell-autonomous fashion— that is, the extent to which Ptchl 
can inhibit Smo on the same cell — we mixed and fused the 
two previously described cell populations. PEG1500 induced 
efficient cell fusion, which was evident from blended staining 
of PEG 1500- treated cells and the multinucleated cells 
(procedure and micrographs shown in Figure 3B, left panel). 
Fusion of reporter cells with Ptchl-overexpressing cells again 
showed a reduction in Gli activation, similar to that observed 
in the mix-and-match experiments (Figure 3A). The reduc- 
tion in reporter activity was of the same magnitude as that 
obtained in the mixing experiments. Therefore, we conclude 
that Ptchl inhibition of Gli reporter activity in our system is 
mediated mainly intercellularly. 
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Figure 2. Confirmation of Functionality of Constructs and Model System 
Used 

(A) Transfection of Ptchl expression construa in C3H/1 011/2 fibroblasts 
increased Ptchl expression over basal expression, as seen on Western 
blot Actin levels remained unaltered; cells were lysed 24 h post 
transfeaion. 

(B) C3H/10T1/2 cells are sensitive to Hh pathway components as 
indicated by Gli reporter activity when pathway components are 
expressed: Smo increased Hh pathway activity as determined by Gli 
reporter luciferase assay. Cotransfection of Ptchl suppressed Smo- 
induced Gli activation. Transfection of Ptchl in the absence of Smo 
overexpression did not decrease Gli activity below control levels. Shh 
stimulation (1 ug/ml for 6 h, 16 h post transfection) and transfection of a 
Glil expression construct showed highest reporter activity, as expected. 
Addition of 1 ug/ml Shh-blocking antibody 5E1 reduced Shh-mediated 
activation of Gli reporter activity. The Ptchl -insensitive mutant SmoM2 
showed a high basal aaivity that could not be diminished by 
cotransfecting Ptchl, as expected. Cells were transfected and lysed after 
24 h. Values shown are relative light unit (RLU) values corrected for an 
internal CMV Renilla standard, expressed as percent increase relative to 
vector (pcDNA 3.1 -) transfection or control stimulation. Depicted is the 
mean ± SEM. (n = 4; *, p < 0.05; **, p < 0.01). 

(Q Shh concentration in medium is below the detection limit (5 ng/ml) 
of Western blotting. Medium was spiked with decreasing concentrations 
of recombinant Shh, and blotted along with a 4X concentrated medium 
sample obtained from C3H/10T1/2 fibroblasts (incubated for 16 h at a 
volume-to-surface ratio identical to the mix-and-match and medium 
transfer experiments). 
DOI: 1 0.1 371 /journal.pbio.0040232.g002 



The specificity of the observed inhibitory action of Ptchl 
acting through Smo was assessed by using the Ptchl- 
insensitive SnioM2 mutant, as previously shown in Figure 
2B. As can be seen in Figure 3C, SnioM2-transfected reporter 
cells are no longer sensitive to mixing with Ptchl-over- 
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Figure 3. Ptchl Inhibits Smo Intercellularly 

(A) Detaching and mixing of two populations of fluorescently labelled cells resulted in a homogenous mixture with intimate cell-cell contarts. The 
procedure is summarized in the left panel. Original magnification is 400x. Intercellular capacity of Ptchl to inhibit Smo was assessed by mixing reporter 
cells overexpressing Smo and a Gli reporter with Ptchl -overexpressing donor cells. The obsen/ed decrease in Gli reporter activity could not be inhibited 
by the addition of 1 ^g/ml 5E1 Shh-blocking antibody. Exogenously added Shh (1 ^g/ml) was capable of abolishing the Ptchl -mediated inhibition. 
Transfecting donor cells with Ptchl siRNA reversed the inhibitory effect (blue bars). MOA-MB-231 breast carcinoma cells (hatched bars) showed a 
response similar to the C3H/10TV2 fibroblasu'. Donor cells were transfected, washed (16 h post transfection), mixed with reporter cells, and lysed after 
6 to 8 h. Shown are RLU values corrected for an internal CMV Rentlla luciferase control, expressed as percent differences relative to control-transfected 
donor cells (vector DNA or scrambled control siRNA). {n > 4; *, p < 0.05; ***, p < 0.005). Depicted is the mean ± SEM. 

(B) Fusion of reporter cells with Ptchl overexpressing donor cells showed a decrease in Gli reporter activity comparable in magnitude to the inhibition 
observed in mixed cells. Right panel: treating fluorescently labelled cells with PEG1500 4 h after mixing resulted in multiple nuclei per cell and 
composite cell colours, indicating successful cell fusion. Magnification is 1,000x. Statistics and incubation times are as in (A). 

(C) To assess the specificity of Ptchl acting on Smo, reporter cells expressing the Ptchl -insensitive mutant SmoM2 (as indicated on the y-axis) were 
mixed with donor cells. The loss of inhibition indicates the specificity of Ptchl acting through Smo in the mix-and-match setup. Statistics and incubation 
times are as in (A). 

(D) Shown is a model for the proposed intercellular artion of Ptchl inhibition following the results obtained in the mix-and-match experiments. 
DOI: 10.1 371/joumal.pbio.0040232.g003 



expressing donor cells, even when cotransfected with wild- 
type Smo. These findings led us to suggest the model for 
Ptchl action as depicted in Figure IB, column 3, and Figure 
3D, in which Ptchl on one cell is capable of specifically 
inhibiting Smo on another cell, to act non-cell autonomously. 

PLoS Biology | www.piosbiology.org 



Non-Cell Autonomous Ptchl -Dependent Smo Inhibition 
Is Carried Out by a Medium-Bome Factor 

The intercellular Ptchl -mediated inhibition of Smo as 
identified in the mix-and-match experiments may be con- 
ferred by either an inhibitory molecule secreted or trans- 
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located by Ptchl or by diffusion of a cytosolic mediator 
through tight junctions. The latter possibility is less likely, 
because it would result in a merged fluorophore signal in the 
mixed cell population, which was not obser\'ed (Figure 3A). 
Indeed, important support for the possibility that Ptchl 
secretes a Smo inhibitory molecule into the medium was 
obtained from experiments in which medium conditioned on 
Ptchl -transfected cells was transferred to reporter cells in 
which Gli activity was assayed (procedure schematically 
shown in Figure 4A, left panel). 

By using this experimental setup, we found that medium 
conditioned on Ptchl -transfected cells exerted a strong 
inhibitor)' effect on Gli activation as compared with medium 
conditioned on control-transfected cells (Figure 4A). This 
inhibition could not be blocked by the addition of 1 |ig/ml 
Shh or 5E1 to the reporter cells. The inability of Shh to 
prevent Ptchl -conditioned, medium-dependent inhibition of 
Smo activity is expected, because the transferred medium 
does not contain donor cells expressing Ptchl on which Shh 
should exert its action, and the presence of the medium- 
borne factor in the Ptchl -conditioned medium shortcuts the 
function of endogenous Ptchl in the reporter cells. Using 
MDA-MB-231 cells in this setup, similar results were obtained 
(Figure 4A, hatched bars). As for the mix-and- match experi- 
ments, medium conditioned on Ptchl siRNA-transfected cells 
increased Smo-dependent reporter activity in both cell lines. 
Medium conditioned on mouse embr)'onic fibroblasts (MEFs) 
from Pichl knockout mice [23] showed a distinct deficiency in 
their capacity to inhibit Smo compared with medium 
conditioned on wild-type (PtchT^) MEFs (Figure 4, pink 
bars). This inhibitory effect could again not be conferred to 
reporter cells transfected with the Ptchl -insensitive SmoM2. 
The opposite effects, as observed with Ptchl DNA trans- 
fection versus either Ptchl siRNA transfection (blue bars) or 
genetic Ptchl -deficient MEFs, exclude transfection artefacts 
on the donor cells as the potential cause of the observed 
effects. Overall, these findings suggest that Ptchl transfers a 
molecule to the medium that inhibits Smo activity. Medium 
conditioned on Ptchl -overexpressing MDA-MD-231 cells 
could inhibit Gli activity in C3H/10T1/2 cells and vice versa 
(unpublished data), suggesting that the inhibitory factor is 
not species-specific, at least not among mammals. 

Using serum-free medium, we could confer no inhibitor)' 
action of Ptchl -conditioned medium on reporter cells 
(Figure 4A). Serum-free medium contains no lipoproteins, 
which implies an important role for lipoproteins in convey- 
ing the inhibitor)' signal from cell to cell. Alternatively, 
serum-free medium also lacks lipids, which could stress the 
necessity for lipids supplied in the medium for Hh 
responsiveness [8]. However, senam-free conditions for 8 h 
(the incubation time in our experiments) do not deplete a 
cell's cholesterol metabolism, arguing in favour of a role for 
lipoproteins in communicating the inhibitor)' signal. 

Ptchl -Dependent Secretion of 3p-Hydroxysteroids 

The conditioned media were subjected to fast performance 
liquid chromatography (FPLC)-coupled cholesterol oxidase 
peroxidase-amidopyrine (CHOD-PAP) analysis, a technique 
that analyzes 3P-hydroxysteroid content. The Ptchl -condi- 
tioned medium was found to be enriched with 3p-hydrox- 
ysteroids relative to medium conditioned by control cells 
(Figure 4B and 4C; quantification of FPLC profiles as mM 



total 3P-hydroxystcroid). Judging from the retention profile, 
these 3P-hydroxysteroids were present on low-density lip- 
oprotein (LDL) particles and, to a lesser extent, on ver)'-low- 
density lipoprotein fV^LDL). High-density lipoprotein (HDL) 
3p-hydroxysteroid levels remained constant in all conditions. 
Medium incubated on cells transfected with siRNA for Ptchl 
was virtually devoid of LDL-associated 3P-hydroxysteroids. 
This correlation between modified Ptchl levels and the 
accumulation of 3P-hydroxysteroid molecules in the medium 
suggests that Ptchl translocates or pumps these SP-hydrox- 
ysteroids into the medium and thereby transfers the Smo 
inhibitory activity. 

3P-Hydroxysteroids Are Necessary for Ptchl -Dependent 
Smo Inhibition 

In the presence of pravastatin, a 3-hydroxy-3-methylglu- 
taryl coenzyme A (HMG-CoA) reductase inhibitor that 
abrogates the biosynthesis of the 3p-hydroxysteroid precur- 
sor mevalonaie (Figure lA), LDL-associated 3P-hydroxyste- 
roid (named LDL-C on axis) levels were substantially reduced 
(Figure 4C), and, correspondingly, reduced Gli inhibition was 
obsen'ed in Ptchl -overexpressing reporter cells as shown in 
Figure 4D. Conversely, the 3P-hydroxysteroid precursor 
mevalonate strongly increased LDL-associated 3p-hydroxys- 
teroids and Ptchl-mediated inhibition of Gli transactivation. 

If the obsen'ed effects of steroid synthesis modifiers on Gli 
activation are Smo-specific, Hh responses mediated by Ptchl 
(but not those by Smo) should remain unaffected. The 
endocytosis of Ptchl is such a Smo-independent response 
to Hh [3,4]. By using [3H]-sucrose as a tracer [24], we obser\'ed 
no effect of 1 mM pravastatin on Hh-mediated endocytosis 
(Figure 4E), and thus the effects of steroid-synthesis inhibitors 
are Smo-specific. The above-mentioned reporter data, how- 
ever, are not from medium transfer experiments, and the 
inhibition or stimulation of cholesterol synthesis and the 
concomitant effects on GH activity do not unequivocally 
prove the contribution of sterol biosynthesis to the inter- 
cellular action of Ptchl. 

Using DhcrT^' and ScSdT^' MEFs to Identify the Inhibitory 
Compound 

The paradoxical phenotype of SLOS patients, in which 
diminished Hh signalling is accompanied by an accumulation 
of the sterol 7-dehydrocholesterol (7-DHC; see Figure lA), led 
us to hypothesize that 7-DHC might be a Smo inhibitor. To 
test this hypothesis, we used MEFs [8] from mice genetically 
deficient for 7-DHC reductase (Dhcr7'^'\ because these cells 
stack 7-DHC. To confirm the specificity of 7-DHC as Smo 
inhibitor, we also used sterol C5-desaturase (Sc5dr^~) MEFs 
that stack the precursor of 7-DHC (lathosterol) and contain 
little or no 7-DHC. Indeed, as shown in Figure 5A, DhcrT^~ 
MEFs had a significantly reduced Gli activity as compared 
with Sc5(r^~ MEFs. In addition, the Smo-inhibitor)' potential 
of DhcrT^ MEF-conditioned medium was much higher than 
that of Sc5d'^~ MEF-conditioned medium, as shown in the 
medium transfer experiment depicted in Figure 5A. In 
addition to stacking a specific metabolite, both MEFs are 
equally incapable of sterol synthesis. Our data therefore 
argue against reduced sterol levels as being responsible for 
the obsen'ed Smo inhibition. Overall, these data strongly 
suggest that 7-DHC or a Dhcr7-independent metabolite of 7- 
DHC have an inhibitor)' action on Smo. 
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Figure 4. Ptchi Secretes Smo-lnhibitory sp-Hydroxysteroids 

(A) The left panel shows a schematic representation of the medium transfer experiments. In which medium was incubated on (transfected) donor cells 
and subsequently transferred to reporter cells. Right panel: intercellular Smo inhibition by Ptchi is carried by the medium. Medium conditioned by 
control-, Ptchi-, or Ptchi siRNA-transfected (C3H/10T1/2, solid bars, and MDA-IVlB-231, hatched bars) cells was transferred to Gli reporter cells. The same 
inhibitory action for Ptchi was found as in the mix-and-match experiments. Neither 5E1 blocking antibody nor recombinant Shh addition to the 
reporter cells could diminish the inhibitory potential of the conditioned media. Medium conditioned on wild-type (Ptcbl'^^^) MEFs showed a 
pronounced inhibitory effect on reporter cells as compared with Ptchi knockout (Ptchr^~) MEF-conditioned medium. Gli activity in reporter cells 
transfected with SmoM2 was not inhibited by Ptchl'^'^ MEF<onditioned medium. In the absence of serum, Ptchi transfectant conditioned medium did 
not contain the inhibitory activity. Incubation times are as in Figure 3B. Values shown are RLU values corrected for an internal CMV Renilla standard and 
expressed as percent difference to control-transfeaed donor cells. Depicted is the mean ± SEM. (n > 4; *, p < 0.05; **, p < 0.01; medium Ptchl- 
transfected compared with medium Ptchi siRNA-transfected). 

(B) Vector, Ptchi, and Ptchi siRNA transfectant-conditioned media investigated with FPLC<oupled CHOD-PAP analysis shows loading of sp- 
hydroxysteroids on lipoproteins by control cells. Medium conditioned by Ptchi -transfected cells shows a strong increase in 3p-hydroxysteroids, mainly 
In the LDL fraction. Ptchi siRNA transfection abolishes 3p-hydroxysteroid loading on LDL The Inset shows the lipid standard PCS containing VLDL, LDL, 
and HDL Medium was incubated on cells for 16 h. Shown are typical profiles. 

(C) Shown is quantification of the LDL peaks, expressed as mM. LDL-C shows the Ptchi -induced increase, a reduction by HMG<oA reductase inhibitor 
pravastatin treatment, and the abolition by Ptchi siRNA transfection of 3p-hydroxysteroid loading on LDL (n = 3; *, p < 0.05; **, p < 0.01). 

(D) Pravastatin-inhibited Ptchi action on Smo-driven Gli reporter activity, whereas the addition of the cholesterol precursor mevalonate enhanced this 
inhibition. Cells were transfected, and, after 16 h, pravastatin or mevalonate was added for 6 to 8 h. Depicted is the mean ± SEM. (n = 4; *, p < 0.05; **, 
p < 0,01). 

(E) Hh-induced endocytosis is not inhibited by 1 mM pravastatin (n = 24; ***, p < 0.005). Cells were stimulated with 1 \ig/m\ Shh for 1 h, and 
preincubated with 1 mM pravastatin or control for 6 h. 

DOI: 1 0.1 371/journaLpbio.0040232.g004 



To assess whether Ptchi uses 7-DHC to inhibit Smo, we 
performed medium transfer experiments with Ptchi (or 
Ptchi siRNA)-transfected D}icrT^~ and Sc5<r^ MEFs as donor 
cells. If Ptchi would indeed pump 7-DHC, Ptchi over- 
expression or knockdown in the Sc5dr^'' MEFs should show no 
effect on Smo inhibition. As shown in Figure 5B, the Sc3<r^~ 
MEFs were severely hampered in their ability to transfer 
Ptchi action to the medium, because neither Ptchi DNA nor 

PLoS Biology | www.plosbiology.org 



siRNA transfectants differed from control transfectants in 
their ability to inhibit Smo on reporter cells. The Dhcr7~^' 
MEFs, however, were well capable of translating Ptchi 
expression levels to differential inhibitory action on reporter 
cells. UVB treatment of DlicrT^" MEF-conditioned media, 
which catalyzes the reaction from 7-DHC to vitamin D3, 
increased the Ptchi effect on reporter cells, raising the 
tantalising option that Ptchi uses vitamin D3 to inhibit Smo. 
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Vitamin D3 Is Sufficient for Smo Inhibition 

From the experiments described above, we hypothesized 
that the addition of synthetic 7-DHC or vitamin D3 would 
inhibit Gii activity in reporter cells as well. Indeed, as can be 
seen from Figure 6A, 7-DHC was capable of inhibiting Smo, 
but was not nearly as potent as its derivative, vitamin DS. This 
fits the observation that UV treatment enhanced the 
inhibitoiy potential of Ptchl -conditioned medium (Figure 
5B). The addition of the 7-DHC reductase inhibitor AY-9944 
[25] successfully enhanced the effect of vitamin D3 treatment 
but was also capable of inhibiting Smo by itself, possibly by 
causing accumulation of endogenously synthesized 7-DHC or 
by acting as a 7-DHC mimetic. The magnitude of inhibition 
conveyed by either the transfer of Ptchl transfectant- 
conditioned medium or Ptchl cotransfection were both 
smaller than that of vitamin D3. In addition, inhibition 
conferred by vitamin D3 was stronger than that of 10 ^iM 
cyclopamine. The finding that AY-9944 was not a necessity 
for inhibitory action excludes a role for sterol deprivation in 
this model (Figure I A), because the exogenously added 7- 
DHC or vitamin D3 can be readily metabolized by these (wild- 
type) fibroblasts to produce downstream sterols. 

Shown in Figure 6B is a dose-dependent response of 
reporter cells to vitamin D3 for 6 h. in agreement, the level of 
inhibitory N-terminal Gli3 protein increased accordingly, as 
quantified from Western blot. This digestion product of Gli3 
originates from proteolysis in the SuFu/Fu complex present 
in Hh pathway inactive cells and is considered the repressor 
form [26]. To exclude cytotoxic artefacts of vitamin D3, we 
measured cell viability by MTT reduction. Only at very high (1 
mM) concentrations of vitamin D3 could we could obsen'e a 
slight decrease in cell viability. Using SmoM2-transfected 
reporter cells, Gli reporter inhibition occurred only at 100 
vitamin D3, and below that concentration, no inhibition 
could be observed. This is veiy similar to the impaired but not 
absent response of SmoM2 to cyclopamine [11]. 

To exclude Gli-independent effects of vitamin D3 from 
being responsible for the obser\'ed reporter inhibition, we 
used a panel of various luciferase reporter constructs. As can 
be seen in Figure 6C, interferon-stimulated response element 
(pISRE), TATA-like promoter (pTAL), nuclear factor-kappa 
B (pNF-KB), and mutant Gli binding site (mGli) luciferase 
reporter constructs were not significantly inhibited by the 
addition of 10 vitamin D3 for 6 h, whereas reporter 
activity of a TATA-like promoter-luciferase construct was 
increased. Thus, the inhibitoiy effect of vitamin D3 on Gli 
reporter activity appears to be a genuine effect of Smo- 
dependent signalling. 

Figure 6D shows Gli reporter inhibition by vitamin D3 in 
the cell lines C3H/10T1/2 and MDA-MB-231 previously used 
in the mix-and-match and medium transfer experiments. 
Both showed a marked inhibition in reporter activity after 
treatment with 10 vitamin D3. Ptchr^~ MEFs also 
responded to vitamin D3. Because these cells have no Ptchl, 
any artefacts of vitamin D3 by interference with Ptchl action 
rather than Smo activity can be excluded. 

A consequence of our model in which vitamin D3 or a very 
similar molecule mediates Ptchl action on Smo (Figure 6E) is 
that exogenously added vitamin D3 should overrule any effect 
of Hh on Ptchl. To confirm this, we stimulated stable Gli- 
luciferase transfectants (Shh-LIGHT II) overnight with 10 



vitamin D3 and/or 200 ng/ml Shh. What is apparent from 
Figure 6F is that in the presence of vitamin D3 reporter 
activity could not be increased by the addition of Shh, 
confirming our hypothesis. 

Scatchard Analysis Reveals Vitamin D3 Binding to Smo 

To assess possible binding of vitamin D3 to Smo, we used a 
yeast strain (Pichia pastoris) transformed with Smo. The 
expression of Smo could be induced by the addition of 
methanol to the growth medium (kind gift of Dr. 1. Mus- 
Veteau [27]). We chose this approach for two reasons: first, to 
our knowledge there is no vitamin D3 receptor in P. pastoris; 
second, baseline (or background) levels of Smo in noninduced 
P. pastoris are negligible. 

First we confirmed the successful induction of Smo 
expression by Western blot using a Smo antibody as shown 
in Figure 7A. We then set out to perform a Scatchard analysis 
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Figure 5. Differentially Modulated Ptchl Action in Dhcrr^' and ScSdT^' 
MEFs 

(A) Basal Gli reporter activity measured in MEFs either deficient for Sc5d 
or Dhcr7 shows that the stacking of 7-DHC (in the DhcrT^" MEFs) lowers 
Gli activity in the mutant cells compared with lathosterol stacking in the 
Sc5d^~ MEFs. Transfer of the conditioned media to reporter cells 
(indicated as "MEFs as medium donors'*) shows that the inhibitory 
potential of the DhaT^' MEFs is medium-borne. Media were incubated 
on donor MEFs for 16 h and transferred to reporter cells for 6 to 8 h. (n > 
4; * p < 0.05; **♦, p < 0.005). 

(B) Medium transfer of Ptchl, Ptchl sIRNA or control-transfected Sc5d~^~ 
and Dhcrr^^ MEFs shows that cells stacking lathosterol but lacking 7- 
DHC {Sc5d~^~ MEFs) are not able to translate different Ptchl levels to an 
inhibitory aaion on reporter cells. The DhcrT^' cells were able to 
properly convey an inhibitory signal when transfected with Ptchl or, 
inversely, show a diminished inhibitory potential upon Ptchl siRNA 
transfection. UVB treatment of Ptchl transfectant medium (2 h) amplified 
the inhibitory aaion. Media incubations and statistics are as in (A). 
DDI: 10,1371/ioumal.pbio.0040232.g005 
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Figure 6. Analysis of Vitamin D3 as a Specific Smo Antagonist 

(A) Shown are the Gli reporter inhibitions by 7-DHC AY-9944, a Dhcr7 inhibitor, vitamin D3, and a combination of the latter two. Also shown is the 
inhibition that can be conferred by the well-known Smo antagonist cydopamine and the previously observed effects for Ptchi transfectant conditioned 
medium as well as Ptchi cotransfection (data taken from Figure 4B and Figure 2B, respectively). Cells were stimulated with the various compounds for 6 
h (16 h past transfection), except for the cotransfection, which was lysed after 24 h (n > 4). 

(B) A range of concentrations of vitamin D3 was tested for inhibition of Gli reporter activity (also in SmoM2-transfeaed cells), MTT viability assay, and N- 
terminal repressor form Gli3 levels. Ceils were stimulated with vitamin D3 for 6 h before lysis. For the reporter assays, RLU values were corrected for an 
internal CMV Renilla standard and expressed as percent difference to control stimulated cells (n=4). The MTT assays shown were raw absorption data 
expressed as percent difference to control stimulated {n = 8); MTT agent was added for 3 h. N-terminal repressor form Gli3 was determined by 
quantifying ECL signal from Western blot and connected for p-actin (n = 3). Depicted is the mean ± SEM. 

(Q Gli specificity of the inhibitory effect of 10 ^M vitamin D3 was assayed by using a panel of luciferase reporter constructs, one of which was a mGli 
reporter (mGli-LUC). Cells were stimulated for 6 h with vitamin D3, and the luciferase aaivity was assayed; values were calculated from RLU values 
corrected for an internal CMV Renilla standard and expressed as percent difference to control stimulated cells (n > 4). Depiaed is the mean ± SEM. 

(D) Different cell types share the inhibitory response to vitamin D3 on Gli activity. C3H/10T1/2 and MDA-MD-231 cells were used earlier in the mix-and- 
match and medium transfer experiments. Ptchr^' MEFs served as a control for any possible effects of vitamin D3 on Ptchi function. Cells were 
stimulated for 6 h, and the luciferase aaivity was assayed,; values are RLiJ values corrected for an internal CMV Renilla standard and expressed as 
percent difference to control stimulated cells (n = 4). Depicted is the mean ± SEM. 

(E) Proposed mechanism of vitamin 03 aaion. First panel: in the presence of Hh, Ptchi is inactive and does not inhibit Smo. The Hh pathway is active, 
and Gli activity can be measured in a reporter assay. Second panel: in the absence of Hh, Ptchi is active and uses vitamin D3 to inhibit Smo. The 
pathway is inactive, and low Gli activity is measured. Third panel: in the presence of Hh as well as exogenous D3, Smo is inhibited independently of 
Ptchi, and Hh can no longer elicit a Gli response. 

(F) Confluent Shh-LIGHT II stable Gli reporter transfectants were stimulated with 10 fiM vitamin D3 and/or 200 ng/ml Shh overnight in the presence of 
0.5% FCS. Luciferase activity was assayed; values are RLU values corrected for an internal CMV Renilla standard and expressed as percent difference to 
control stimulated cells (0 jiM vitamin D3; 0 ng/ml Shh). In the presence of vitamin D3, Shh is no longer able to induce reporter activity, n = 4; depicted 
is the mean ± SEM. 

DOl: 1 ai 371 /journaLpbio.0040232.g006 



[24] with heterologous competition by cydopamine. Cydop- 
amine is a ligand for Smo, and this enabled us to distinguish 
the observed competition from any background by non- 
specific binding or specific binding to a vitamin D3 receptor 
(although it is not known to exist in these cells). As can be 
seen from Figure 7B, [3H]-D3 was not capable of specific 
binding to non-methanol induced P. pastoris (BMGY), whereas 

PLoS Biology | www.plosbiology.org 



after methanol induction (BMMY), specific binding of [3H]- 
D3 was observed that was subject to competition by cydop- 
amine. Cydopamine replaced [3H]-D3 with an apparent 
dissociation constant of 2 nM in this heterologous assay, a 
higher affinity than the earlier reported 20-nM affinity of 
cydopamine [28]. Nevertheless, these results show that 
vitamin DS has the potential to bind Smo at the same site 
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as cyclopamine, indicating that vitamin D3 is indeed a 
physiological ligand for Smo. 

Vitamin D3 Treatment Mimics the smo"^" Phenotype in 
Zebrafish 

To test the action of vitamin D3 in a developmental in vivo 
model system, we continuously incubated zebrafish embr)'os 
starting between 32- and 64-cell stage in 1.2 mg/ml sonicated 
vitamin D3. We used sonication as described for 7-DHC [29], 
but did not use a stabilizing reagent. The vitamin D3 
treatment phenocopied to a great extent the slow muscle 
omitted (smu) mutant phenotype [30], which has been identified 
as the zebrafish ortholog of svio [31,32]. 

One of the most striking features of the smo'^~ phenotype is 
the U-shaped somites in contrast to the sharply defined 
chevron (\0-shaped somites of wild-type embr}'os. The 
vitamin D3-treated embryos showed these disi-upted somites 
(as indicated by arrow 1 in Figure 8A) at the developmental 
stages shown. Of the treated animals, approximately 75% (n = 
30 embryos in six individual experiments) showed this somite 
phenotype as well as the typical responses as listed below. 
Quantification of the somite angle was performed, measuring 
the angle between the dorsal and ventral portions of the 
individual somites while positioning the apex of the angle on 
the horizontal myoseptum (Figure 8B, top panel). In properly 
shaped somites, this angle was relatively sharp, whereas in 
vitamin D3-treated embryos, somites were kidney-shaped, 
displaying a shallow angle (Figure 8B). The ventrally cun^ed 
body that is characteristic of smo~'~ zebrafish embr)'os was also 
obsen'ed upon vitamin D3 treatment. The horizontal 
myoseptum was malformed (Figure 8A; see also Figure IB 
of [32]). Another aspect of the smo~^~ phenotype is the 
aberrant extension of the yolk tube, resulting in a shorter 
and thicker yolk tube; this was also clearly noticeable in the 
vitamin D3-treated embr)^os (indicated by arrow 2 in Figure 
8A; compare to Figure lA of [32] and Figure 4 of [31]). 
Although motoneurons have been described to be missing in 
snw~^ animals [32], we obser\'ed no apparent difference in 
touch response between control and vitamin D3 animals. To 
our knowledge not previously reported, it appeared that the 
dorsal midbrain was more prominent in the treated embr)'os 
versus controls, resembling the prominent dorsal midbrain in 
smo'^' embiyos (indicated by arrow 3 in Figure 8A; compare to 
Figure 1 of [32] and Figure 4 of [31]). Also, note the similarity 
of the treated embiyo shown at 18 h with regard to a reduced 
trunk, possibly caused by increased cell death as shown for 
smo mutants (indicated by arrow 4 in Figure 8A; compare to 
Figiu-e 8B of [33]). 

To assess the specificity of vitamin D3 action on the Hh 
pathway, we used molecular markers specific for Hh pathway 
activity in zebrafish. The protein Engrailed is a marker for 
muscle pioneers in normal development, and as development 
advances, it is also expressed in the cells surrounding the 
muscle pioneers [34]. In zebrafish embiyos with an abrogated 
Hh signalling, muscle pioneers fail to differentiate and 
Engrailed is totally absent [31,35-37]. No Engrailed staining 
of muscle pioneers (indicated by arrow in Figure 8, panel 
labelled 4D9) or surrounding cells w^as observed in vitamin 
D3-treated embr>w, suggestive of inhibition of Hh signalling 
by vitamin D3. In the control-treated animals, staining of 
muscle pioneers as well as ventrally located cells in the 
somites was obsen'ed. Expression of pic 2 as determined by in 
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Figure 7. Scatchard Analysis of Vitamin D3 Using Smo-Expressing P. 
pastoris 

(A) 24 h methanol Induction (buffered methanol-complex medium; 
BMMY) of Smo-transformed P. pastoris yielded successful Smo expression 
as shown by Western blot analysis with an antibody directed against 
Smo. 

(B) Scatchard analysis of heterologous competition with cyclopamine 
representing the binding of [3H]-D3 to Smo-expressing (solid circles, 
MeOH Induced) and nonexpressing (open circles, noninduced) yeast 
strains. The solid line indicates the Induced high-affinity binding, 
whereas the dotted line Indicates nonspecific low-affinity binding. 
Scatchard analysis and fitting was performed as described earlier [53]. 
DOI: 1 0.1 371/journal.pblo.0040232.g007 



situ hybridisation (ISH) (Figure 8 A, ptcJ) showed a marked 
reduction of transcript levels in the vitamin D3-treated 
animals. Because ptcl is not only the primary receptor for the 
Hh pathway but also a transcriptional readout of Hh activity 
[32,37], the attenuated expression seen in the treated animals 
confirms that vitamin D3 specifically inhibits the Hh pathway. 
Another marker previously described to be indicative of Hh 
pathway activity is slow muscle fibre orientation and number 
in the somites. In smo'^' zebrafish, slow muscle fibres are fewer 
and malformed [30,31]. Shown in Figure 8 (panel marked F59) 
is the disturbed pattern and number of slow muscle fibres 
after vitamin D3 treatment, reminiscent of smo'^' zebrafish 
embiyos. The use of the abovementioned molecular markers 
confirms that the effects of vitamin D3 on zebrafish embiyo 
morpholog)^ are indeed due to reduced Hh pathway activity. 

At later stages, we observed a subtle cardiac edema, and all 
treated embryos died after 5 d of vitamin D3 treatment, a 
feature again similar to the smo^ phenotype (Figure 8C). 
Although we found the eyes to be relatively ventrally 
positioned throughout various developmental stages (Figure 
8C), no absolute cyclopia was observed. However, cyclopia is 
not an unambiguous hallmark of the jmo-deficient phenotype 
[31-33]. 

Because nearly all of the typical smo~^ phenotypic features 

were also prominently present in vitamin D3-treated zebra- 
fish embr)os and the molecular markers used all pointed to a 
defective Hh signalling, we conclude that the in vivo action of 
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Figure 8. Effects of Vitamin D3 on Developing Zebrafish Embryos 

(A) Fertilized zebrafish eggs were dechorionated and placed in buffer containing 1.2 mg/ml sonicated vitamin D3, starting the continuous incubation 
between the 32- and 64-cell stages. At the different developmental stages (as indicated), the embryos were analysed, revealing persistent somite 
malformations, a ventrally curved body, poorly developed myoseptum, an aberrant extension of the yolk tube, a prominent dorsal midbrain, and a 
reduced trunk. The wild-type Engrailed staining (4D9) of muscle pioneers and surrounding cells in control-treated animals was not observed upon 
vitamin D3 treatment ISH for pre 7 mRNA showed a strongly reduced signal in vitamin D3-treated animals compared with controls. Staining with the 
F59 antibody revealed that slow muscle fibres were disturbed in number and orientation In the treated animals. 

(B) At 18 hpf, embryos were photographed in detail and somite angles were determined (as shown in top panel). The measurement was taken of an 
individual somite between dorsal and ventral portions of the vertical myoseptum for corresponding somites between the wild-type and vitamin D3- 
treated embryos. Shown are the mean angles (±SEM; n = 3) of wild-type control- and vitamin D3-treated embryos. 

C) Detail of 4-dpf embryo. Note the slightly enlarged pericardial cavity in vitamin D3-treated animals. The orientation of all images is a lateral view, 
anterior to the left. 

DOI: 1 0.1 371 /journal.pbio.0040232.g008 



vitamin D3 on embryonic development is due to a specific 
inhibitory effect on Smo. 

Discussion 

In the present study, we investigated the molecular mode 
by which Ptchl represses Smo activity. By mixing Ptchl- 
expressing cells with cells expressing Smo and a Gli reporter, 
we were able to show that Ptchl is capable of non-cell 
autonomous repression of Smo. This non-cell autonomous 
repression is carried by the extracellular medium, because 

)^^\ PLoS Biology | www.plosbiology.org 



medium conditioned by Ptchl-transfected cells was capable 
of inhibiting Gli reporter activity as well. Conversely, medium 
conditioned by cells transfected with Ptchl siRNA (so lacking 
endogenous Ptchl expression) elevated Gli reporter activity 
significantly above medium that was conditioned by control 
cells, demonstrating that Ptchl overexpression is not a 
prerequisite for observing this cell non-autonomous repres- 
sion of Smo by Ptchl. Mixing Ptchl -overexpression cells with 
cells expressing Smo and Gli reporter produced inhibition of 
Gli reporter activity to approximately the same extent as 
fusing these cells, showing that this non-cell autonomous 
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repression of Smo by Ptchl is of roughly similar potency 
compared to intracellular Smo repression by Ptchl. This 
result suggests that this intercellular repression constitutes an 
important physiological mechanism. In this context, it is 
important to note that Hh quenching was not a major 
contributing factor in our experimental system, because Hh- 
neutralising antibodies do not interfere with Ptchl -depend- 
ent intercellular repression of Smo and we were not able to 
detect Hh release by the cells. 

Conditioning medium with Ptchl -transfected cells led to 
the appearance of a 3p-hydroxysteroid in this medium, 
suggesting that this compound is increasingly translocated 
into the medium as a consequence of elevated Ptchl 
expression. These results are concordant with the obsei*vation 
that Smo antagonists bear structural similarities to steroids 
[12] and the high homology of Ptchl to the NPCl protein, 
which has cholesterol trafficking and pump functions [10], as 
well as to various prokaiyotic pump proteins. These homol- 
ogies gave rise to the suggestion that, in the absence of Hh, 
Ptchl pumps a compound out of the cell that binds to and 
inhibits Smo, and the data from this study confirm this model. 
Transfection of Ptchl siRNA abolished deposition of this SP- 
hydroxysteroid into the medium when compared to control- 
transfected cells, showing that 3p-hydroxysteroid transloca- 
tion is not an artefact of Ptchl overexpression, but that 
endogenous Ptchl expression levels are sufficient to sustain 
detectable 3p-hydroxysteroid translocation. This 3P-hydrox- 
ysteroid translocation seems important for the intercellular 
repression of Smo by Ptchl, because in the presence of 3p- 
hydroxysteroid synthesis inhibitors Ptchl was no longer 
capable of repressing Smo, whereas artificial stimulation of 
3p-hydroxysteroid biosynthesis by using mevalonate supple- 
mentation enhanced the inhibitory potential of Ptchl on Smo. 

The 3P-hydroxysteroid responsible for intercellular repres- 
sion of Smo is most likely the (pro-)vitamin D3 (that is, either 
7-DHC or its metabolite vitamin D3) or a highly similar 
molecule. Fibroblasts derived from animals genetically 
incapable of synthesizing these 3p-hydroxysteroids (Sc5dr^) 
do not sustain intercellular repression of Smo by Ptchl, 
whereas fibroblasts that have a genetic defect leading to 
increased (pro-)vitamin D3 production (DhcrT^') show ex- 
aggerated intercellular repression of Smo by Ptchl. Exoge- 
nous addition of vitamin D3 was more efficient in inhibiting 
Gli reporter activity than the established Smo antagonist 
cyclopamine. SmoM2, which has a reduced sensitivity towards 
cyclopamine, showed diminished sensitivity to vitamin D3 as 
well. In Scatchard assays, cyclopamine and vitamin D3 
competed for Smo binding, suggesting that both compounds 
have an identical binding site on Smo. Scatchard analysis 
using the precursor 7-DHC as a competitor revealed a 10-fold 
lower affinity for Smo than did vitamin D3 or the 
hydroxylated (active) form of vitamin D3 (unpublished data). 
Treatment of Danio rerio embiyos with vitamin D3 phenocop- 
ied most of the aspects of the smcT^' phenotype in zebrafish. 
These findings strongly suggest that Ptchl translocates either 
vitamin D3, a related molecule, or possibly a precursor that is 
subsequendy metabolised in the extracellular medium that 
acts as a Smo antagonist. 

Our findings shed light on the puzzling biochemical basis of 
SLOS, in which accumulation of 7-DHC (Figure lA) 
accompanies a reduced cholesterol content and a seemingly 
decreased Hh signalling [38]. Previously, the SLOS phenotype 



has been mimicked by using AY-9944 [25], which inhibits 7- 
DHC reductase (Figure lA), leading to the accumulation of its 
substrate. This result suggests that this molecule mediates Hh 
inhibition. Treatment of patients with a cholesterol-rich diet, 
however, has been successful, and statin treatment does not 
seem to alleviate the symptoms, suggesting that the lack of 
cholesterol is the culprit [38,39]. Others have been able to 
counteract the effect of 7-DHC stacking in experimental 
settings by exogenously adding cholesterol [40], confirming 
that AY-9944 merely inhibits synthesis of cholesterol needed 
for proper Hh processing. Although these findings seem to 
preclude the stacking of a specific metabolite to be 
responsible for the SLOS phenotype, it has become clear 
that the clinical phenotype correlates best with the ratio of 7- 
DHC to cholesterol levels in patient plasma rather than the 
levels of cholesterol alone. Also, the treatment of infants with 
cholesterol is arguably too late an intervention, because most 
of the Hh patterning events are completed in utero. Our 
experiments show that even in the absence of AY-9944, 
addition of vitamin D3 strongly inhibits Hh signalling. This 
inhibition is stronger than Ptchl cotransfection and Ptchl- 
transfectant conditioned medium, and we therefore conclude 
that the stacking of 7-DHC is responsible for the SLOS 
phenotype. 

Very relevant to this manuscript and the abovementioned 
studies are the findings of Cooper et al, who found that 
reduced sterol levels impair a cell's responsiveness to Hh [8]. 
By using fibroblasts from mice genetically deficient for the 
enzymes involved in lathosterolosis (Sc5d) and SLOS (Dhcr7) 
and by depleting lipids and sterols from the medium, they 
showed that sterol levels were crucial to a cell's responsive- 
ness to Hh. By analyzing the Hh protein in these cells under 
the various conditions, they could demonstrate proper Hh 
maturation, thereby excluding improper Hh sterolation as 
the cause of SLOS, They did not, however, hypothesize an 
inhibitoiy role for excess cholesterol precursors. We explain 
our hypothesis and findings in light of their results: by genetic 
and/or medium condition causes, steroid synthesis is seriously 
impaired in cells in their experiments. As a result, 7-DHC 
levels will drop, leaving Ptchl devoid of substrate. Without 
substrate to pump or translocate, Ptchl is "paralysed", and 
addition of Hh will not exert an effect, explaining the 
reduced responsiveness. Hh responsiveness does not equal 
pathway activity, and the absence of Ptchl substrate will 
diminish responsiveness but not pathway activity. Because 
both cell lines share the inability to properly synthesize 
cholesterol, and because we find a differential inhibitoiy 
potential on Smo, we conclude that sterol content alone 
cannot account for Ptchl-mediated Smo inhibition, and we 
suggest that the effects found by other groups take place 
elsewhere in the Hh signalling pathway. In our system, LDL 
seems to be a prerequisite for the diffusion of the inhibitoiy 
molecule, and, recently, a similar requirement has also been 
found for the distribution of Hh itself [41]. 

Although the present study clearly demonstrates that Ptchl 
can inhibit Smo in an intercellular fashion, we have not 
addressed whether such intercellular action of Ptchl on Smo 
is relevant for Hh action in vivo. Vitamin D3 is highly 
hydrophobic and is not expected to diffuse veiy far in the 
aqueous environment that surrounds cells. We obsened that 
in the absence of LDL as a carrier for the hydrophobic Smo 
inhibitor, intercellular repression of Smo activity was 
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undetectable. Hence, although Ptchl exports (pro-)vitamin 
D3, it might act on Smo on the same cell (and thus function 
cell autonomously) or, depending on the cell's surroundings, 
on Smo on adjacent cells (and thus function non-cell 
autonomously). Nevertheless, the expression of Ptchl and 
Smo is often discordant, with Ptchl expression being in the 
vicinity of Smo-expressing cells, without complete colocalisa- 
tion [42,43]. We obser\'ed that in cardiac nen'e branch 
ganglia, Smo and Ptchl colocalise in the bronchial cartilage 
and epithelium, but not in the ganglion itself. In the ganglion, 
a pronounced staining for Ptchl can be seen, whereas Smo 
staining is obser\'ed in only the adjacent cells. These findings 
are suggestive for intercellular signalling actually occurring in 
vivo (MF Bijlsma, unpublished data). In contrast with these 
findings are earlier reported experiments by Briscoe et al. 
[44] in which a Hh uninhabitable form of Ptchl (Ptchl^^^^P") 
was evaluated with respect to its effects on Hh signalling in 
Drosophila melanogaster and Gallus gallics embn'ogencsis. The 
results obtained in this study suggest that the border of 
Ptchl^^'^^P^ expression more or less corresponds with the 
boundary of Hh-induced gene expression. Thus, it would 
appear that in these experimental systems, a Smo-inhibitory, 
vitamin D3-like ligand has not much capacity to diffuse over 
multiple cell layers. We therefore suggest that the action of 
Ptchl can be cell autonomous or non-cell autonomous in 
various in vivo situations, perhaps dependent on the presence 
or absence of molecules that can carry the hydrophobic 
ligand over larger distances and subsequently present this 
molecule to Smo. 

Recently it was demonstrated that Hh-bound Ptchl could 
titrate the inhibitory action of the abovementioned 
Ptchl^'^^'P-. Furthermore, Hh-bound Ptchl allowed Smo 
signalling to occur even in the presence of a Ptchl form that 
is incapable of binding Hh [45]. This obsen'ation is incon- 
sistent with a model in which Ptchl senes to translocate a 
Smo-inhibitory molecule out of the cell, because in this 
model, Ptchl action would depend on the amount of 
unliganded Ptchl, not the amount of liganded Ptchl. Casali 
and Struhl provide as a possible explanation for the titration 
effect that liganded and unliganded Ptchl compete for access 
to Smo: Ptchl acts as a multimer in which binding of Hh to 
any of the subunits blocks the action of the complex, or 
liganded and unliganded Ptchl exert counteracting catalytic 
activities. Only the latter explanation seems consistent with 
the data presented in this study; the other explanation 
requires Ptchl to function in a cell-autonomous fashion. 
Hence, it is possible that unliganded Ptchl translocates a Smo 
inhibitor to extracellular medium, whereas Hh-bound Ptchl 
would transport this inhibitor to the cytosol. Alternatively, 
Hh-bound Ptchl is internalized, and it is possible that in this 
process it. cointernalizcs the Ptchl^**'*'^^ protein, especially if 
both proteins would localize to the same plasma membrane 
compartment— for example, lipid rafts. Support for this 
notion might be deduced from the strong Hh-dependent 
endocytosis we obsen'ed in the present study, suggesting that 
endocytosis is indeed a major cellular response to Hh binding 
to Ptchl. But further studies are needed to address the exact 
mode by which w^ld-type Ptchl impairs Ptchl ^'^"P- function. 

Activation of the Hh pathway is, under certain conditions, 
associated with the development of cancer, especially in the 
upper digestive tract [46,47] and in basal cell carcinoma in the 
skin, w^here this disease is linked to mutations in Ptchl [48-51]. 



Intercellular action of Ptchl will allow this molecule to exert 
its action as a tumour suppressor, on not only the Ptchl- 
expressing cell but also neighbouring cells that may have 
acquired inactivating mutations of Ptchl, making this mode of 
Ptchl -dependent Smo inhibition especially attractive with 
respect to tumour suppression. Thus, it will be interesting to 
investigate whether intercellular repression of Smo by Ptchl 
actually contributes to tumour suppression in vivo. Experi- 
ments addressing this possibility are currently in progress. 

Materials and Methods 

Constructs/siRNA used. Mouse Ptchl (a generous gift of Dr. M. P. 
Scott) was cloned into the pcDN'A 3.1(-) vector (Invitrogen, Carlsbad, 
California, United States). Human SMO (referred to as Smo) cDNA 
(Image Consortium/RZPD, Berlin, Germany) was cloned into the 
pcDNA 3.1(+) vector. The Glil cDNA is in pcDNAl (a generous gift of 
Dr. A. Ruiz i Altaba). The Gli-reporter 551-Lucn was kindly provided 
by Dr. H. Sasaki, as was the mutant binding site variant (mGli). The 
NF-kB, ISRE, and TAL luciferase constructs were from Clontech 
Laboratories (Mountain View, California, United States). The internal 
control cytomegalovirus (CMV) promoter-driven Renilla luciferase 
vector was from Pro mega (Madison, Wisconsin, United States). 
SmoM2 in pRK7 was obtained from Genentech (South San Francisco, 
California, United States). The Ptchl (^63908) and scrambled control 
siRNA were from Ambion (Austin, Texas. United States). 

Western blotting. Transfected cells were lysed in Laemmli buffer 
and brought onto SDS-PAGE gels. After electrophoresis, protein was 
transferred onto Immobilon-PVDF membranes (Millipore, Billerica, 
Massachusetts, United States). Membranes were blocked in o% bovine 
serum albumin (BSA) (Sigma-Aldrich, St Louis, Missouri, United 
States) in TBS/0.1% Tween-20 (TBST) for 1 h. Goat polyclonal a- 
Ptchl antibody G-19. a-Smo C-17, a-Gli3 N-terminal N-19, a-Shh N- 
19, or a-Ihh 1-19 (Santa Cruz Bioiechnolog>% Santa Cruz, California, 
United States) were diluted to 1:500 in 3% BSA in TBST, and 
membranes were incubated overnight. Goat polyclonal a-actin 1-19 
(Santa Cruz Biotechnology) was diluted to 1:1000 in 3% BSA in TBST. 
After 1 h incubation in 1:1000 a-goat HRP-conjugated secondary 
antibody (DakoCytomation, Glostrup, Denmark), blots were imaged 
using LumiLight Plus enhanced chemiluminescence substrate (ECL) 
(Roche, Basel, Switzerland) on a GeneGnome chemiluminescence 
imager (Syngene, Cambridge, United Kingdom). 

Mix-and-match procedure. Mouse mesenchymal fibroblasts (C3H/ 
lOTl/2 from American Type Culture Collection CCL-226, Manassas, 
Virginia, United States) were grown in Dulbecco's Modified Eagle 
Medium (DMEM) (Cambrex, East Rutherford, New Jersey, United 
States) containing 10% fetal calf serum (FCS) (Cambrex). Human 
MDA-MB-231 breast carcinoma cells (American Type Culture 
Collection HTB-26) were grown in L-1 5 Leibovitz medium (Cambrex) 
with 10% FCS. Cells were grown to approximately 70% and 
transfected with either Ptchl or Smo and the Gli luciferase reporter 
in combination with a CMV-Renilla luciferase internal standard using 
Effectene (Qiagen, Hilden, Germany) according to routine proce- 
dures. Ptchl and scrambled control siRNA were transfected using 
RNAiFect (Qiagen) following the supplied protocol. Transfected cells 
were treated with o-methylated 20 ^M zVADfmk (Sigma-Aldrich) to 
neutralize the apoptotic effects of Ptchl. After 1 6 h, cells were washed 
three times with phosphate buffered saline (PBS), detached by 2 m.M 
EDTA (Sigma-Aldrich) in PBS, resuspended in DMEM with 10% FCS, 
and pipetted three times through a 40-^im cell strainer (BD 
Biosciences, San Jose, California, United States) into a tube to allow 
a homogenous mixture. Equal volumes of reporter and donor cells 
were mixed thoroughly and subsequently transferred to 24-welI 
plates. After 6 h (4 -f 2 h for the fusion protocol), cells were lysed with 
passive lysis buffer as provided by Promega, and luciferase activity 
was assayed according to the Promega Dual-Glo Luciferase Assay 
System (Promega) protocol on a Lumat Berthold LB 9501 Lumin- 
ometer (Berthold Technologies, Bad Wildbad, Germany). Each firefly 
luciferase value was corrected for its cotransfected CNfV-driven 
Renilla luciferase standard to correct for transfection efficiency or 
dilution effects. Recombinant N-terminal Shh was obtained from 
R&D Systems (Minneapolis. Minnesota, United States) and dissolved 
in PBS with 0.1 % BSA. The 5E1 Shh-blocking antibody was from the 
Developmental Hybridoma Bank (Iowa City, Iowa, United States). 

Fluorescent tracking of cells. Cells were grown to approximately 
70% confluence in DiMEM containing 10% FCS and washed with PBS 
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to remove serum. CellTracker Green CMFDA or Orange CMTMR 
(Molecular Probes, Eugene, Oregon, United States) were diluted to 5 
in serum-free DMEM and added to cells for 45 min, the medium 
was aspirated, and fresh medium containing 10% PCS was added. 
Cells were detached and mixed as described above. After 16 h, cells 
were fixed in 3.7% formaldehyde overnight or mixed as described 
above and subsequently fixed. For fluorescent staining of nuclei, cells 
were washed with PBS/0.1% Triton X-100 (PBST) and incubated in 
200 ng/ml DAPI (Roche) in PBST for 1 h. Before microscopy, cells on 
cover slips were washed briefly in PBS, placed upside-down on 
another cover slip if imaged on a Leica TCS SP 11 confocal laser 
scanning microscope (Leica Microsystems, Wetzlar, Germany), or 
placed on an object glass when imaged on a Zeiss Axioskop (Carl 
Zeiss, Oberkochen, Germany). 

Cell fusion. After fluorescent labelling (1 h) or transfection (16 h), 
cells were mixed, medium was aspirated, and cells were washed with 
PBS. Prewarmed PEG 1500/HEPES (pH 7.4) 50% (Roche) was added 
to the cells for 90 s, after which the cells were washed three times with 
PBS. Fresh medium was added, and after 2 h, cells were either lysed 
with passive lysis buffer and assayed for luciferase activity or fixed for 
microscopy after 8 h. 

Medium transfer experiments. Donor and reporter cells were 
transfected for 16 h, after w^hich the donor cells were washed 
extensively to wash out any remaining transfection complexes and 
supplied with fresh medium for 6 h. Medium was transferred to 
reporter cells for 6 to 8 h, after which cells were lysed and assayed for 
luciferase activity (according to manufacturer's protocol). The 
mutant MEFs were grown in complete DMEM supplemented with 
15% PCS and nonessential amino acids (Sigma), 

CHOD-PAP-coupled FPLC. Steroid levels in the main lipoprotein 
classes (V^LDL, LDL, and HDL) were determined using high-perform- 
ance gel filtration chromatography. The system contained a PU-980 
ternai7 pump with an LG-980-02 linear degasser, FP-920 fluores- 
cence, and UV-975 U\WIS detectors (Jasco, Tokyo, Japan). An extra 
P-50 pump (Pharmacia Biotech, Uppsala, Sweden) was used for in- 
line CHOD-PAP enzymatic reagent (Biomerieux, Marcy I'Etoile, 
France) addition at 0.1 ml/min. 60 ^il from each sample was subjected 
to size-exclusion chromatography to determine whether there is a 
relationship between Ptchl expression and medium 3p-hydroxyste- 
roid levels using a Superose 6 HR 10/30 (Pharmacia Biotech) column 
with Tris-buffered saline (TBS) (pH 7.4) at a flow rate of 0.31 ml/min 
with in-line fluorescence and UV detection on the Jasco system with 
CHOD-PAP assay described above. Commercially available lipid 
plasma standards were used for total cholesterol pattern analysis 
(SKZL, Nijmegen, Netherlands), 

Endocytosis assay. Cells on 24-well plates were grown to 70% 
confluence and treated with no or 1 mM pravastatin for 6 h. 
Subsequently, 200 nCi of [3H]-labelled sucrose (Amersham Pharmacia 
Biotech, Freiburg, Germany) was added per well. Cells were 
stimulated with either 1 |ig/ml Shh or solvent control (0.1% BSA/ 
PBS) for 1 h. After washing, cells were lysed in 1% Nonidet P-40 and 
the lysate was transferred to 4 ml of scintillation fluid and activity was 
determined on a Packard Tri-Carb scintillation counter (PerkinElm- 
er, Wellesley, Massachusetts, United States). Values were corrected for 
solvent control treated cells on ice. 

Stimulation experiments. Cells transfected with the Gli-luciferase 
reporter were stimulated for the indicated times and concentrations 
with the following: cyclopamine (Biomol, Plymouth Meeting, Penn- 
sylvania, United States), AY-9944 (Calbiochem, San Diego, California, 
United States), vitamin D3, or 7-DHC (Sigma). 

MTT assay. Cells were seeded in flat-bottom 96-well plates and 
treated with the indicated concentrations of vitamin D3 for 6 h. 
During the last 3 h, 0.5 mg/ml thiazolyl blue tetrazolium bromide 
(MTT) was added. After incubation, supernatant was discarded, cells 
were lysed in 50 ^1 of 40 mM HCl in isopropanol, and absorbance was 
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measured at 570 nm in a Benchmark Plus Microplate Spectropho- 
tometer (Bio-Rad, Hercules, California, United States). 

P. pastoris culture. The Smo-transformed P. pastoris strain was a 
kind gift from Dr. I, Mus-Veteau. Culture of yeast and induction of 
Smo expression was performed as described [27]. 

Scatcbard analysis. Scatchard analysis was performed on intact 
cells as described earlier for [52,53]. After 24 h growth in methanol- 
or glycerol-complex medium, P. pastoris strains were washed with PBS 
and diluted to the same ODeoo- Subsequently, aliquots of cells were 
labelled for 1.5 h at 4 ''C in PBS containing 1.66 nM of [3H]-labelled 
vitamin D3 (Amersham Pharmacia Biotech) and eight different 
concentrations of unlabelled cyclopamine, 7-DHC, vitamin D3, or 
hydroxylated vitamin D3 (Sigma-Aldrich). The reaction was stopped 
by washing four times with ice-cold PBS. The bound radioactivity was 
determined by transferring the washed pellets to 4 ml of scintillation 
fluid, and activity was determined on a Packard Tri-Carb scintillation 
counter (PerkinElmer). In each experiment, each condition was 
performed in duplicate. In general, Scatchard plots on intact cells 
show considerable nonspecific low-affinity binding of [3H]-vitamin 
D3. Therefore, Scatchard plots were fitted according to a one- or two- 
site model, as appropriate. The obsen^ed points of noninduced yeast 
were a satisfactory' fit with a one-site (low affinity) model, whereas two 
affinity sites could be distinguished in the induced P. pastoris. 

Animals. Wild-type zebrafish (D. rerio) were kept and bred 
according to standard protocols. 1- to 1.5-h post fertilisation (hpf) 
embryos were dechorionated following 2 mg/ml pronase treatment 
for ] min followed by extensive rinsing. 1.2 mg/ml vitamin D3 was 
added to HEPES buffered Ringer's solution and sonicated on ice for 3 
min; control buffer was also sonicated. Suspension temperatures were 
equilibrated and added to the embryos. 

ISH and immunofluorescence. After treatment, embry os were fixed 
in 4% paraformaldehyde/PBS, and ISH was carried out as described 
[54] using a ptcl probe synthesized according to [55]. The 4D9 and F59 
antibodies were obtained from the Developmental Hybridoma Bank 
and used as previously described [56]. 
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